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(54) ENHANCED PRACH SCHEME FOR POWER SAVINGS, RANGE IMPROVEMENT AND 
IMPROVED DETECTION

(57) Enhanced random access procedures for link-budget-limited user equipment (UE) devices are disclosed. A
user equipment device may transmit a first message containing a Physical Random Access Channel (PRACH). The
PRACH contains instances of a Zadoff-Chu sequence, and may be transmitted repeatedly as part of a single random
attempt, to facilitate correlation data combining at the base station. The available Zadoff-Chu sequences may be parti-
tioned among a plurality of sets, each set being associated with a respective Doppler shift range (or frequency hop
pattern or time repetition pattern). A UE device may signal Doppler shift (or other information) to the base station by
selection of one of the sets. The first PRACH transmission and the following PRACH transmission may occur in con-
secutive subframes. A UE device may select from a special set of Zadoff-Chu sequences (different from a conventional
set of sequences), to signal its status as a link-budget-limited device.
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Description

FIELD

[0001] The present application relates to wireless communication devices, and more particularly to mechanisms for
enhancing random access procedure for user equipment devices that are link budget limited (e.g., range constrained).

DESCRIPTION OF THE RELATED ART

[0002] Wireless communication systems arc rapidly growing in usage. In recent years, wireless devices such as smart
phones and tablet computers have become increasingly sophisticated. In addition to supporting telephone calls, many
mobile devices now provide access to the Internet, email, text messaging, and navigation using the global positioning
system (GPS), and are capable of operating sophisticated applications that utilize these functionalities.
[0003] In LTE, the random access procedure (referred to herein as "RACH") is an important procedure for synchronizing
the UE device with the network (NW). RACH could be used for: initial access by the UE device; handover of the UE
device from one cell to another; RRC re-establishment; UL/DL data arrival; positioning in RRC connected. RACH is a
very important procedure to allow the UE to access the NW, to synchronize, and to obtain orthogonal resources. Thus,
it is important to ensure that its detection by the NW is successful. Different methods are used currently in the 3GPP
Specifications as follows: (a) use of different preambles-orthogonal or with good cross-correlation properties; (b) multiple
RACH attempts (depending on the NW configuration); (c) power ramp up on each successive RACH attempt.
[0004] If the device is link budget limited, a mechanism to alleviate the effect of bad reception of the PRACH (Physical
Random Access Channel) is needed. A device may be link budget limited, e.g., if the device is equipped with a poorly
performing antenna system and/or if the device is located in area of poor coverage (e.g., far from a base station or in
the basement of a building).

SUMMARY

[0005] Enhanced random access procedures for link-budget-limited user equipment (UE) devices are disclosed.
[0006] In order to initiate a random access procedure (RACH), a user equipment device that is link budget limited may
transmit a first message containing a Physical Random Access Channel
[0007] (PRACH) preamble. In some embodiments, the PRACH preamble may have larger subcarrier spacing and/or
larger temporal width than defined for conventional PRACH formats. In some embodiments, a larger number of instances
of a selected Zadoff-Chu sequence may be embedded within the PRACH preamble than in conventional PRACH formats.
These features may enable the base station to increase its probability of successful decode for UE devices that are link
budget limited.
[0008] In some embodiments, as part of a single random access attempt (RACH attempt), the UE device that is link
budget limited may transmit the PRACH preamble a plurality of times, with transmission timing determined by timing
configuration information supplied by the base station. (The timing configuration information may determine when each
of the transmissions of the PRACH preamble is to occur.) Each retransmission of the PRACH preamble may be identical
in structure and content to the initial transmission. The base station may combine two or more received instances of the
PRACH preamble, to increase probability of successful decode.
[0009] The base station may transmit a second message, e.g., a random access response (RAR), to the link-budget-
limited UE device with repetition in time and/or with lower coding rate than conventional RAR messages. In response
to the second message, the link-budget-limited UE device may transmit a third message, likewise with repetition in time
and/or with lower coding rate (e.g., with lower coding rate than is conventionally specified for the RRC connection request
message). Thus, each of the messages of the random access procedure (or any subset of those messages) may be
enhanced, to increase the likelihood for successful completion of the random access procedure when dealing with a UE
device that is link budget limited.
[0010] In some embodiments, the PRACH preamble contains one or more instances of a Zadoff-Chu sequence, and
may be transmitted repeatedly as part of a single RACH attempt. The base station may perform correlation data combining
over two or more received instances of the PRACH preamble, thereby increasing the probability of successful decode
of the PRACH preamble.
[0011] In some embodiments, the available Zadoff-Chu sequences (i.e., available for UE devices to use when attempt-
ing to perform random access) may be partitioned among a plurality of sets, each set being associated with a respective
range of Doppler shift magnitude. A link-budget-limited UE device may measure its Doppler shift relative to the base
station, and select one of the sets based on the measured Doppler shift magnitude. A Zadoff-Chu sequence from the
selected set is used for the repeated transmissions of the PRACH preamble. The base station may perform correlation
processing on the received instances of the PRACH preamble to identify the selected set. The identity of the selected
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set may be used to determine an appropriate method for combining correlation data records corresponding to the multiple
received instances of the PRACH preamble (or the multiple received instances of the Zadoff-Chu sequence within the
received instances of the PRACH preamble). A complex-valued combining method may be better for low Doppler cases
while an energy combining method may be better for high Doppler cases. The techniques of complex-valued combining
and energy combining are well known in the field of signal processing.
[0012] In some embodiments, the plurality of transmissions of the PRACH preamble may employ frequency domain
hopping from one transmission to the next. The hopping pattern may also be signaled by the set selection. (The available
Zadoff-Chu sequences may be partitioned among the plurality of sets so that different sets correspond to different
hopping patterns. For example, each set may be associated with a unique pair of Doppler range and frequency hopping
pattern.) By making the PRACH preamble hop in the frequency domain from one transmission to the next, frequency
diversity is provided, which may improve on average the likelihood of successful decode of the PRACH preamble.
[0013] The multiple transmissions of the PRACH preamble may be performed according to one of a plurality of possible
time repetition patterns. The time repetition pattern may be also be signaled by the set selection.
[0014] In some embodiments, a UE device that is link budget limited may be configured so that the first transmission
of the PRACH preamble and the following transmission(s) of the PRACH preamble occur consecutively in time. (Each
transmission of the PRACH preamble may span one or more consecutive subframes in time, and follow immediately
after the one or more consecutive subframes containing the previous transmission of the PRACH preamble.) Thus, in
these embodiments, the base station does not need to signal a time repetition pattern to the link-budget-limited UE devices.
[0015] In some embodiments, a UE device that is link budget limited may transmit a conventional PRACH preamble
over one or more consecutive subframes, and immediately thereafter, transmit one or more repetitions of the conventional
PRACH preamble. The presence of the one or more repetitions is a signal to the base station that the UE device is link
budget limited. UE devices that are not link budget limited do not transmit the one or more repetitions. Thus, for each
UE device attempting random access, the base station is able to determine whether that UE device is link budget limited
or not by determining whether the one or more repetitions have been transmitted.
[0016] In some embodiments, a UE device may select from a special set of Zadoff-Chu sequences (different from a
conventional set of sequences used by normal UE devices or legacy UE devices), to signal its status as a link-budget-
limited device. The base station performs correlation processing on the one or more received instances of the PRACH
preamble to determine the Zadoff-Chu sequence selected by a given UE device attempting random access, and deter-
mines whether the UE device is link budget limited or not based on whether that ZC sequence belongs to the special
set or the conventional set.
[0017] In some embodiments, the link-budget-limited UE device may transmit PRACH information over successive
available subframes in one or more consecutive radio frames, starting in a first available subframe of a first of the one
or more consecutive radio frames. (Available subframes are defined by the signaled PRACH configuration, i.e., the
PRACH configuration signaled by the base station.)

BRIEF DESCRIPTION OF THE DRAWINGS

[0018]

Figure 1 illustrates an exemplary (and simplified) wireless communication system.
Figure 2 illustrates a base station in communication with a wireless user equipment (UE) device.
Figure 3 illustrates a block diagram of a UE, according to one embodiment.
Figure 4 illustrates a block diagram of a base station, according to one embodiment.
Figure 5A illustrates a PRACH preamble being transmitted as part of an uplink frame.
Figure 5B illustrates the structure of a conventional PRACH, according to one possible format.
Figure 6 illustrates a cyclic prefix (CP) and sequence portion of a PRACH.
Figure 7 illustrates one embodiment of messages exchanged between a user equipment (UE) device and base
station (e.g., eNodeB) as part of a random access procedure.
Figure 8A illustrates an embodiment of a PRACH preamble format A, including four Zadoff-Chu sequences.
Figure 8B illustrates one embodiment of a PRACH, including a plurality of segments in the frequency domain.
Figure 9 illustrates one embodiment of a method for operating a UE device to facilitate a random access procedure
by a link-budget-limited UE device.
Figure 10 illustrates one embodiment of a method for operating a base station to facilitate random access procedure
for link-budget-limited UE devices.
Figures 11 and 12 illustrate two different embodiments of a method for operating a UE device to facilitate random
access procedure by signaling Doppler category via sequence set selection.
Figures 13 and 14 illustrate two different embodiments of a method for operating a base station to facilitate random
access procedure based on the signaling of Doppler category via sequence set selection.
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Figure 15 illustrates a simple example of frequency hopping over multiple PRACH transmissions, according to one
embodiment.
Figure 16 illustrates one embodiment of a method comprising the transmission of a plurality of instances of a PRACH
over consecutive subframes of an uplink signal.
Figure 17 illustrates one embodiment of a method comprising the reception and accumulation of a plurality of received
instances of a PRACH.
Figure 18 illustrates one embodiment of a method for a UE device to signal its link-budget-limited status to a base
station, by transmission of a conventional PRACH preamble followed immediately by one or more repeated trans-
missions of the PRACH preamble. The conventional PRACH preamble transmission and the one or more repeated
PRACH preamble transmissions are successive in time. Each transmission occupies a group of one or more con-
secutive subframes. Furthermore, the groups themselves may be consecutive in time, i.e., the first subframe of each
group may immediately follow the last subframe of the previous group.
Figure 19 illustrates one embodiment of a method comprising the transmission of a conventional PRACH immediately
followed by one or more repetitions of the conventional PRACH.
Figure 20 illustrates one embodiment of a method for determining if a given UE device attempting random access
is link budget limited or not based on the presence or absence of one or more additional PRACH instances (i.e., in
addition to one or more initial PRACH instances that are transmitted according to a conventional PRACH format)
in an uplink signal.
Figure 21 illustrates one embodiment of a method for determining if a given UE device attempting random access
is link budget limited or not based on the presence or absence of one or more additional transmissions of a PRACH
(i.e., in addition to an initial transmission of the PRACH) in an uplink signal.
Figure 22 shows a portion of Table 5.7.2-4 ("Root Zadoff-Chu sequence order for preamble formats 0-3") from 3GPP
TS 36.211.
Figure 23 shows Table 5.7.2-2 ("Ncs for preamble generation, preamble formats 0-3") from 3GPP TS 36.211.
Figure 24 shows a portion of Table 5.7.1-2 ("Frame structure type 1 random access configuration for preamble
formats 0-3") from 3GPP TS 36.211.
Figure 25 illustrates one embodiment of a method for a UE device to signal its link-budget-limited status to a base
station, by selection from a special set of Zadoff-Chu sequences not used by conventional UE devices.
Figure 26 illustrates one embodiment of a method for a base station to determine if a given UE device attempting
random access is link budget limited or not by determining whether the PRACH preamble transmitted by the UE
device uses a ZC sequence selected from a special set of ZC sequences or from a conventional set of ZC sequences.

[0019] While features described herein are susceptible to various modifications and alternative forms, specific em-
bodiments thereof are shown by way of example in the drawings and are herein described in detail. It should be understood,
however, that the drawings and detailed description thereto are not intended to be limiting to the particular form disclosed,
but on the contrary, the intention is to cover all modifications, equivalents and alternatives falling within the spirit and
scope of the subject matter as defined by the appended claims.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Acronyms

[0020] Various acronyms are used throughout the present disclosure. Definitions of the most prominently used acro-
nyms that may appear throughout the present disclosure are provided below:

BS: Base Station
DL: Downlink
LTE: Long Term Evolution
MIB: Master Information Block
NW: Network
PBCH: Physical Broadcast Channel
PRACH: Physical Random Access Channel
PUSCH: Physical Uplink Shared Channel
RACH: Random Access Channel
RRC: Radio Resource Control
RRC IE: RRC Information Element
RX: Reception
SFN: System Frame Number
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SIB: System Information Block
TTI: Transmit Time Interval
TX: Transmission
UE: User Equipment
UL: Uplink
UMTS: Universal Mobile Telecommunication System
ZC sequence: Zadoff-Chu sequence
3GPP: Third Generation Partnership Project

Terminology

[0021] The following is a glossary of terms that may appear in the present application:

Memory Medium - Any of various types of memory devices or storage devices. The term "memory medium" is
intended to include an installation medium, e.g., a CD-ROM, floppy disks 104, or tape device; a computer system
memory or random access memory such as DRAM, DDR RAM, SRAM, EDO RAM, Rambus RAM, etc.; a non-
volatile memory such as a Flash, magnetic media, e.g., a hard drive, or optical storage; registers, or other similar
types of memory elements, etc. The memory medium may comprise other types of memory as well or combinations
thereof. In addition, the memory medium may be located in a first computer system in which the programs are
executed, or may be located in a second different computer system which connects to the first computer system
over a network, such as the Internet. In the latter instance, the second computer system may provide program
instructions to the first computer system for execution. The term "memory medium" may include two or more memory
mediums which may reside in different locations, e.g., in different computer systems that are connected over a
network.
Carrier Medium - a memory medium as described above, as well as a physical transmission medium, such as a
bus, network, and/or other physical transmission medium that conveys signals such as electrical, electromagnetic,
or digital signals.
Computer System (or Computer) - any of various types of computing or processing systems, including a personal
computer system (PC), mainframe computer system, workstation, network appliance, Internet appliance, personal
digital assistant (PDA), television system, grid computing system, or other device or combinations of devices. In
general, the term "computer system" can be broadly defined to encompass any device (or combination of devices)
having at least one processor that executes instructions from a memory medium.
User Equipment (UE) (or "UE Device") - any of various types of computer systems devices which are mobile or
portable and which performs wireless communications. Examples of UE devices include mobile telephones or smart
phones (e.g., iPhone™, Android™-based phones), portable gaming devices (e.g., Nintendo DS™, PlayStation
Portable™, Gameboy Advance™, iPhone™), wearable devices (e.g., smart watch), laptops, PDAs, portable Internet
devices, music players, data storage devices, or other handheld devices, etc. In general, the term "UE" or "UE
device" can be broadly defined to encompass any electronic, computing, and/or telecommunications device (or
combination of devices) which is easily transported by a user and capable of wireless communication.
Base Station (BS) - The term "Base Station" has the full breadth of its ordinary meaning, and at least includes a
wireless communication station installed at a fixed location and used to communicate as part of a wireless telephone
system or radio system.
Processing Element - refers to various elements or combinations of elements. Processing elements include, for
example, circuits such as an ASIC (Application Specific Integrated Circuit), portions or circuits of individual processor
cores, entire processor cores, individual processors, programmable hardware devices such as a field programmable
gate array (FPGA), and/or larger portions of systems that include multiple processors.
Automatically - refers to an action or operation performed by a computer system (e.g., software executed by the
computer system) or device (e.g., circuitry, programmable hardware elements, ASICs, etc.), without user input
directly specifying or performing the action or operation. Thus the term "automatically" is in contrast to an operation
being manually performed or specified by the user, where the user provides input to directly perform the operation.
An automatic procedure may be initiated by input provided by the user, but the subsequent actions that are performed
"automatically" are not specified by the user, i.e., are not performed "manually", where the user specifies each action
to perform. For example, a user filling out an electronic form by selecting each field and providing input specifying
information (e.g., by typing information, selecting check boxes, radio selections, etc.) is filling out the form manually,
even though the computer system must update the form in response to the user actions. The form may be auto-
matically filled out by the computer system where the computer system (e.g., software executing on the computer
system) analyzes the fields of the form and fills in the form without any user input specifying the answers to the
fields. As indicated above, the user may invoke the automatic filling of the form, but is not involved in the actual
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filling of the form (e.g., the user is not manually specifying answers to fields but rather they are being automatically
completed). The present specification provides various examples of operations being automatically performed in
response to actions the user has taken.

Figures 1 and 2 - Communication System

[0022] Figure 1 illustrates an exemplary (and simplified) wireless communication system. It is noted that the system
of Figure 1 is merely one example of a possible system, and embodiments disclosed herein may be implemented in any
of various systems, as desired.
[0023] As shown, the exemplary wireless communication system includes a base station 102 which communicates
over a transmission medium with one or more user devices 106-A through 106-N. Each of the user devices may be
referred to herein as a "user equipment" (UE) or UE device. Thus, the user devices 106 are referred to as UEs or UE
devices.
[0024] The base station 102 may be a base transceiver station (BTS), and may include hardware that enables wireless
communication with the UEs 106A through 106N. The base station 102 may also be equipped to communicate with a
network 100 (e.g., an infrastructure network of a wireless services provider, a core network of a cellular service provider,
a telecommunication network such as a public switched telephone network (PSTN), and/or the Internet, among various
possibilities). Thus, the base station 102 may facilitate communication between the user devices and/or between the
user devices and the network 100. The communication area (or coverage area) of the base station may be referred to
as a "cell."
[0025] The base station 102 and the user devices may be configured to communicate over the transmission medium
using any of various radio access technologies (RATs), also referred to as wireless communication technologies, or
telecommunication standards, such as GSM, UMTS (WCDMA), LTE, LTE-Advanced (LTE-A), 3GPP2 CDMA2000 (e.g.,
1xRTT, 1xEV-DO, HRPD, eHRPD), Wi-Fi, WiMAX, etc.
[0026] UE 106 may be configured to communicate using multiple wireless communication standards. For example, a
UE 106 might be configured to communicate using a 3GPP cellular communication standard (such as LTE) and/or a
3GPP2 cellular communication standard (such as a cellular communication standard in the CDMA2000 family of cellular
communication standards). Base station 102 and other similar base stations operating according to the same or a
different cellular communication standard may thus be provided as one or more networks of cells, which may provide
continuous or nearly continuous overlapping service to UE 106 and similar devices over a wide geographic area via one
or more cellular communication standards.
[0027] The UE 106 may also or alternatively be configured to communicate using WLAN, Bluetooth, one or more
global navigational satellite systems (GNSS, e.g., GPS or GLONASS), one and/or more mobile television broadcasting
standards (e.g., ATSC-M/H or DVB-H), etc. Other combinations of wireless communication standards (including more
than two wireless communication standards) are also possible.
[0028] Figure 2 illustrates user equipment 106 (e.g., one of the devices 106-A through 106-N) in communication with
the base station 102. The UE 106 may be a device with wireless network connectivity such as a mobile phone, a hand-
held device, a computer or a tablet, a wearable device, or any type of wireless device. The UE 106 may include a
processor that is configured to execute program instructions stored in memory. The UE 106 may perform any of the
method embodiments described herein by executing such stored instructions. Alternatively, or in addition, the UE 106
may include a programmable hardware element such as an FPGA (field-programmable gate array) that is configured
to perform any of the method embodiments described herein, or any portion of any of the method embodiments described
herein. The UE 106 may be configured to communicate using one or more wireless communication protocols. For
example, the UE 106 may be configured to communicate using one or more of CDMA2000, LTE, LTE-A, WLAN, GNSS,
etc.
[0029] The UE 106 may include one or more antennas for communicating using one or more wireless communication
protocols. In some embodiments, the UE 106 may share one or more parts of a receive chain and/or transmit chain
between multiple wireless communication standards. The shared radio may include a single antenna, or may include
multiple antennas (e.g., for MIMO operation) for performing wireless communications. Alternatively, the UE 106 may
include separate transmit and/or receive chains (e.g., including separate antennas and other radio components) for each
wireless communication protocol with which it is configured to communicate. As another alternative, the UE 106 may
include one or more radios which are shared between multiple wireless communication protocols, and one or more
radios which are used exclusively by a single wireless communication protocol. For example, the UE 106 may include
a shared radio for communicating using either of LTE or CDMA2000 1xRTT, and separate radios for communicating
using each of Wi-Fi and Bluetooth. Other configurations are also possible.
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Figure 3 - Exemplary Block Diagram of a UE

[0030] Figure 3 illustrates an exemplary block diagram of a UE 106. As shown, the UE 106 may include a system on
chip (SOC) 300, which may include portions for various purposes. For example, as shown, the SOC 300 may include
processor(s) 302 which may execute program instructions for the UE 106 and display circuitry 304 which may perform
graphics processing and provide display signals to the display 340. The processor(s) 302 may also be coupled to memory
management unit (MMU) 340, which may be configured to receive addresses from the processor(s) 302 and translate
those addresses to locations in memory (e.g., memory 306, read only memory (ROM) 350, NAND flash memory 310)
and/or to other circuits or devices, such as the display circuitry 304, radio 330, connector interface 320, and/or display
340. The MMU 340 may be configured to perform memory protection and page table translation or set up. In some
embodiments, the MMU 340 may be included as a portion of the processor(s) 302.
[0031] As shown, the SOC 300 may be coupled to various other circuits of the UE 106. For example, the UE 106 may
include various types of memory (e.g., including NAND flash 310), a connector interface 320 (e.g., for coupling to the
computer system), the display 340, and wireless communication circuitry (e.g., for LTE, LTE-A, CDMA2000, Bluetooth,
Wi-Fi, GPS, etc.). The UE device 106 includes at least one antenna, and may include multiple antennas, for performing
wireless communication with base stations and/or other devices. For example, the UE device 106 may use antenna
system 335 to perform the wireless communication.
[0032] The processor 302 of the UE device 106 may be configured to implement part or all of the methods described
herein, e.g., by executing program instructions stored on a memory medium (e.g., a non-transitory computer-readable
memory medium). In other embodiments, processor 302 may be configured as a programmable hardware element,
such as an FPGA (Field Programmable Gate Array), or as an ASIC (Application Specific Integrated Circuit).

Figure 4 - Exemplary Block Diagram of a Base Station

[0033] Figure 4 illustrates a block diagram of a base station 102. It is noted that the base station of Figure 4 is merely
one example of a possible base station. As shown, the base station 102 may include processor(s) 404 which may execute
program instructions for the base station 102. The processor(s) 102 may also be coupled to memory management unit
(MMU) 440, which may be configured to receive addresses from the processor(s) 102 and translate those addresses
to locations in memory (e.g., memory 460 and read only memory (ROM) 450) or to other circuits or devices.
[0034] The base station 102 may include at least one network port 470. The network port 470 may be configured to
couple to a telephone network and provide a plurality of devices, such as UE devices 106, access to the telephone
network as described above in Figures 1 and 2. The network port 470 (or an additional network port) may also or
alternatively be configured to couple to a cellular network, e.g., a core network of a cellular service provider. The core
network may provide mobility related services and/or other services to a plurality of devices, such as UE devices 106.
In some cases, the network port 470 may couple to a telephone network via the core network, and/or the core network
may provide a telephone network (e.g., among other UE devices serviced by the cellular service provider).
[0035] The base station 102 may include at least one antenna 434. (In some embodiments, the base station includes
a plurality of antennas in each of two or more sectors.) The at least one antenna 434 may be configured to operate as
a wireless transceiver and may be further configured to communicate with UE devices 106 using radio 430. The antenna
434 communicates with the radio 430 via communication chain 432. Communication chain 432 may be a receive chain,
a transmit chain or both. The radio 430 may be configured to communicate via one or more wireless telecommunication
standards, e.g., standards such as LTE, LTE-A WCDMA, CDMA2000, etc. The processor 404 of the base station 102
may be configured to implement part or all of the methods described herein, e.g., by executing program instructions
stored on a memory medium (e.g., a non-transitory computer-readable memory medium). Alternatively, the processor
404 may be configured as a programmable hardware element, such as an FPGA (Field Programmable Gate Array), or
as an ASIC (Application Specific Integrated Circuit), or a combination thereof.

Background and Problem Statement

[0036] In LTE, the random access procedure (referred to herein as "RACH") is a procedure for synchronizing the UE
device with the network (NW). RACH may be used for one or more of the following: initial access by the UE device to
the NW; handover of the UE device from one cell to another; RRC re-establishment; uplink and/or downlink data arrival;
positioning in RRC connected. RACH is an important procedure to allow the UE device to access the NW, to synchronize
with uplink signals from different UE devices, and to obtain orthogonal resources. Thus, it is important to ensure that its
detection by the NW is successful. Different methods are used currently in 3GPP Specifications as follows: (a) use of
different PRACH preambles - orthogonal preambles or preambles with good cross-correlation properties - by different
UE devices; (b) multiple RACH attempts (depending on the NW configuration) by the UE device; (c) ramp up of power
over successive RACH attempts.
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[0037] If the UE device is link budget limited, a mechanism to alleviate the effect of bad reception of PRACH (Physical
Random Access Channel) is needed. A UE device may be link budget limited, e.g., if its antenna system is poorly
performing or if the UE device is in a location where the signal cannot be received (such as the basement of a building, etc.)

PRACH Specifications in 3GPP

[0038] Figure 5A illustrates a preamble 500 in a Physical Random Access Channel (PRACH) according to the existing
LTE specifications. A UE device transmits the PRACH preamble in an uplink frame 510 in order to initiate the random
access procedure. (The uplink frame includes a plurality of subframes.) The time offset and frequency offset of the
PRACH preamble within the uplink frame may be determined by the higher layer signaling.
[0039] Figure 5B illustrates one particular realization of the PRACH preamble according to existing LTE specifications.
In frequency, the PRACH preamble (including the guard subcarriers at the beginning and end) spans 6 RBs = 1.08MHz.
In time, the PRACH preamble, including the cyclic prefix (CP) and guard time (GT), spans one uplink subframe.
[0040] Formats 0-3 for the PRACH preamble each use a Zadoff-Chu sequence of length 839, whereas format 4 uses
a Zadoff-Chu sequence of length 139.
[0041] The PRACH preamble occupies 6 resource bocks (RBs) in uplink bandwidth (UL BW).
[0042] One PRACH subcarrier occupies 1.25 kHz whereas a normal UL subcarrier occupies 15kHz. The symbols of
the Zadoff-Chu sequence are transmitted on respective ones of the PRACH subcarriers.
[0043] With respect to the PRACH preamble, Figure 6 illustrates a cyclic prefix (CP) of duration TCP and a sequence
portion of duration TSEQ. (The sequence portion contains the Zadoff-Chu sequence.) Table 1 below shows the values
of TCP and TSEQ in different formats of the PRACH preamble.

Summary of RACH Procedure

[0044] The RACH procedure may involve a series of messages sent between the UE and the base station, as shown
in Figure 7.
[0045] In a first message (MSG1), the UE transmits the PRACH preamble to the base station (i.e., eNodeB in the
parlance of LTE). The PRACH preamble may be configured according to one of the formats discussed above.
[0046] In response to decoding the first message, the eNodeB transmits a second message (MSG2). The second
message may be referred to as a random access response (RAR).
[0047] In response to decoding the second message, the UE may transmit a third message (MSG3). The content of
the third message may be different in different contexts, e.g., may depend on the purpose for which the RACH procedure
has been invoked. For example, the third message may include an RRC Request, SR, etc. (SR is an acronym for
Scheduling Request.)
[0048] In response to receiving the third message, the eNodeB may transmit a fourth message (MSG4), e.g., a con-
tention resolution message.

PRACH Proposal for Range Extension

[0049] In some embodiments, we create a new set of preambles and resources (in the time and/or frequency domain)
specifically for use by link-budget-limited UE devices (e.g., range-constrained UE devices).
[0050] To improve the robustness of the PRACH preamble transmission, the numerology of the PRACH preamble
may be changed, where the numerology includes one or more of the following:

the ZC (Zadoff-Chu) sequence length;
the subcarrier spacing of the PRACH preamble;
the number of subframes spanned by the PRACH preamble; and
the number of repetitions of the ZC sequence in the PRACH preamble.

Table 1: Random Access Preamble Parameters
Preamble Format TCP TSEQ

0 3168*TS 24576*TS

1 21024*TS 24576*TS

2 6240*TS 2*24576*TS

3 21024*TS 2*24576*TS

4 448*TS 4096*TS
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[0051] In some embodiments, one or more of the new preambles may span a plurality of subframes.
[0052] Another way to improve robustness is to configure the UE to transmit a plurality of instances of the PRACH
preamble as part of a single random access attempt. This feature enables the eNB to gain the benefit of combining the
time-domain repetitions of the PRACH preamble. Currently in 3GPP specifications, each RACH attempt includes only
a single transmission of the conventional PRACH preamble, and that RACH attempt is treated independently by the
NW, i.e., independent of any other RACH attempt. If the UE does not receive MSG2, the UE will make another RACH
attempt.
[0053] To enable the eNB to combine PRACH repetitions, the eNB may need to know the time of transmission of each
instance of the PRACH preamble. For example, in some embodiments, the eNB may need to know: the starting time of
the first repetition (i.e., the first of a plurality of instances of the PRACH preamble); the period of time that spans all the
repetitions (or, the number of repetitions and the interval of time between successive repetitions). In some embodiments,
link-budget-limited UE devices use one of the presently-disclosed robust formats to send each repetition of the PRACH
preamble while devices that are not link budget limited send the PRACH preamble (without repetition) using a conventional
format.
[0054] In some embodiments, a link-budget-limited UE device may transmit a plurality of repetitions of the PRACH
preamble over a set of consecutive subframes. For example, the PRACH preamble may span one subframe in time,
and the link-budget-limited UE device may transmit one PRACH preamble repetition in each of the consecutive subframes.
As another example, the PRACH preamble may span two subframes in time, and the link-budget-limited UE device may
transmit one PRACH preamble repetition in each successive pair of the consecutive subframes. Thus, the eNB may
need to know the starting time of the first repetition, and the number of PRACH repetitions.
[0055] In some embodiments, the robustness of MSG2 and MSG3 of the random access procedure may also need
to be improved. Hence, an early indication to the NW that the UE device is link budget limited may be needed. That
indication may be provided by the RRC layer signaling.
[0056] The present patent discloses a number of new formats for the PRACH preamble, including the formats described
below.

New Format A for the PRACH Preamble

[0057] The new format A for the PRACH preamble may occupy 3ms in time domain.
[0058] The new subcarrier spacing for format A may be 1.5 kHz. With a subcarrier spacing of 1.5 kHz, one can fit 720
subcarriers in 1.08MHz. The ZC sequence length needs to be a prime number. Any of the following sequence lengths
may be used for format A:

Nzc=719, 1 subcarrier is left as guard band;
Nzc=709, 6 subcarriers on the left and 5 on the right are left as guard band;
Nzc=701, 10 subcarriers on the left and 9 on the right are left as guard band;
Nzc=691, 15 subcarriers on the left and 14 on the right are left as guard band.

[0059] Tseq for format A may be 81920Ts = 4x20480Ts, where Ts=1/30.72 microseconds. This implies that 4 ZC
sequences can be repeated in 3 subframes. Figure 8A illustrates an embodiment of how the 4ZC sequences may be
embedded in the PRACH preamble.
[0060] For format A, Tcp=5120Ts and GT=5120Ts. (CP denotes the Cyclic Prefix. GT denotes the Guard Time.)

New Format B for the PRACH Preamble

[0061] The new format B for the PRACH preamble may occupy 3ms in time domain.
[0062] The new subcarrier spacing for format B may be 2.5kHz. With a subcarrier spacing of 2.5kHz, one can fit 144
subcarriers in 360kHz (2RBs). The ZC sequence length needs to be a prime number. Any of the following sequence
lengths may be used for format B:

Nzc=139, 2 subcarriers on the left and 2 on the right are left as guard band;
Nzc=131, 7 subcarriers on the left and 6 on the right are left as guard band (the guard band is 13x2.5 kHz which is
comparable to 25x1.25kHz as per current 3GPP specifications).

[0063] For format B, Tseq may be 86016Ts = 7x12288Ts, where Ts=1/30.72 microsec. This means 7 ZC sequences
can be repeated in 3 subframes.
[0064] For format B, Tcp=3168Ts and GT=2976Ts.
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New Format C for the PRACH Preamble

[0065] The new format C for the PRACH preamble may occupy 1ms in time domain.
[0066] The subcarrier spacing for format C may be 1.25kHz. With a subcarrier spacing of 1.25KHz, we can fit 288
subcarriers in 360kHz (2RBs). The ZC sequence length needs to be a prime number. Thus, for example, the following
sequence lengths could be used for format C:
Nzc=263, 13 subcarriers on the left and 12 on the right are left as guard band.
[0067] For format C, Tseq may be 24576Ts with Ts=1/30.72 microsec, Tcp=3168Ts and GT=2976Ts.

New Format D for the PRACH Preamble

[0068] The new format D for the PRACH may occupy 1 ms in the time domain.
[0069] The subcarrier spacing for format D may be 2.5kHz. With a subcarrier spacing of 2.5kHz, we can fit 144
subcarriers in 360kHz (2RBs). The ZC sequence length needs to be a prime number. Thus, for example, the following
sequence lengths could be used:

Nzc=139, 3 subcarriers on the left and 3 on the right are left as guard band.
Nzc=131, 5 subcarriers on the left and 4 on the right are left as guard band (the guard band is 13x2.5 kHz which is
comparable to 25x1.25kHz as per current 3GPP specifications).

[0070] In format D, Tseq may be 24576Ts = 2x12288Ts, with Ts=1/30.72 microsec. This means that 2 ZC sequences
can be repeated in one TTI.
[0071] It can also be envisioned that in the subcarrier spacing case above (i.e., the case of 2.5KHz subcarrier spacing),
the whole PRACH preamble occupies only a half subframe (1 slot), i.e., one ZC sequence occupying 12288Ts with
Tcp=3168/2=1584Ts and GT=2976/2=1488Ts.
[0072] It should be understood that formats A through D illustrate only a few of a wide variety of possible PRACH
formats constructible according to the principles herein described.

Notes Regarding Use of Formats A-D

[0073] In any of the PRACH formats, a link-budget-limited UE device may transmit the PRACH preamble a plurality
of times (in the time domain) as part of a single random access attempt. PRACH formats C and D may require more
numerous retransmissions than formats A and B since formats C and D have fewer instances of the ZC sequence per
PRACH preamble.
[0074] In formats C and D, the 2 RBs occupied by the PRACH preamble can be adjacent or non-adjacent in the
frequency domain (e.g., at the upper and lower edges of the uplink bandwidth, wherein the uplink bandwidth may be,
e.g., 1.4 MHz, 5MHz or 10 MHz) to provide frequency diversity.
[0075] While the PRACH preamble is repeated in the time domain, the locations of the 2 RBs can hop in the frequency
domain from one repetition to the next, to provide frequency diversity.
[0076] While various ones of the PRACH formats described herein are configured to use 2 RBs for the PRACH
preamble, other numbers of RBs may be used in other embodiments.

Time Repetition of the New PRACH Preamble

[0077] In order for the eNB to accumulate multiple repetitions of the PRACH preamble (transmitted by the link-budget-
limited UE device), the eNB may need to know the repetition pattern and the duration. In some embodiments, we propose
to have multiple configurations, where each configuration has a corresponding pattern of repetition.
[0078] In order to accumulate, the eNB needs to know what the duration is. For example, the new PRACH preamble
may be sent the first time in a frame whose SFN satisfies SFN%20 = 0, and may be repeated oncc in the immediately
following frame, i.e., 1 SFN later. (M%N is shorthand notation for "M modulo N". SFN is an acronym for "System Frame
Number".) Currently in the 3GPP specifications, the configuration of the conventional PRACH preamble is given in the
following table, which is a copy of Table 5.7.1-2 from specification 3GPP TS 36.211. (TS is an acronym for Technical
Specification.)

Table 2: PRACH Configuration Example

PRACH Config. Index Preamble Format System Frame Number (SFN) Subframe Number

0 0 Even 1
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[0079] In some embodiments, we propose expanding this table, e.g., by adding one or more of the following items: a
column to indicate the SFN of the first transmission of the PRACH preamble; a column for the number of repetitions of
the PRACH preamble after the first transmission; a column for the time locations of the repetitions with respect to the
first transmission; and a column to indicate the frequency hopping pattern for the RBs of the PRACH preamble across
the plurality of repetitions.
[0080] The UE device may detect the SFN from the MIB in the PBCH of the downlink signal transmitted by the eNB.
For handover, however, the UE does not need to read the MIB before initiating a random access procedure (RACH).
[0081] In some embodiments, in order to solve this problem of knowing the SFN of the target cell, we propose one or
more of the following.

(1) Modify the UE implementation so that the UE proactively reads the MIB of the target cell before initiating a RACH
procedure. (The "target cell" means the cell that the UE is being handed over to.)
(2) For LTE Release 12 and beyond, all the eNBs will eventually be SFN synchronized, so the SFN of the origin cell
and target cell will be similar. Therefore, the UE knows the SFN of the target cell, assuming it has already entered
the network.
(3) Modify the RRC IE MobilityControlInfo in the RRC specification (in TS 36.331) by adding the SFN of the target
cell to this information element.

New Configuration Index Signaling

[0082] In some embodiments, the NW may signal two configurations, one for normal UEs and one for link-budget-
limited UEs.
[0083] RRC IE PRACH-Config may be extended to include a RangeConstrainedPrach-ConfigIndex.
[0084] The resources used for the link-budget-limited UEs may be reserved and distinct from the resources used by
the normal UEs (i.e., UEs that are not link budget limited). The eNBs will be then able to detect such preambles.
[0085] In some embodiments, a link-budget-limited UE will signal to the NW its status as a link-budget-limited UE by
sending a PRACH preamble using a new PRACH format (e.g., one of the new formats described above). In contrast, a
UE that is not link budget limited may signal to the NW its status of being "not link budget limited" by sending a PRACH
preamble using a conventional PRACH format. Thus, the eNB may determine the status of any given UE by determining
which format the UE has used to transmit the PRACH preamble.
[0086] The eNB will then send MSG2 such that the probability of successful decode of MSG2 by the UE is sufficiently
large, e.g., by lowering the coding rate for the transmission of MSG2 and/or repeating in time (TTI Bundling) the trans-
mission of MSG2. Similarly, the UE may send the MSG3 such that the probability of successful decode of MSG3 by
eNB is sufficiently large, e.g., by lowering the coding rate for the transmission of MSG2 and/or repeating in time the
transmission of MSG3. (The resources for MSG3 may be provided in MSG2 payload.)
[0087] In some embodiments, the eNB may also decide to offload the link-budget-limited UEs (or a subset thereof) to
one or more small cells that have better coverage than the eNB.
[0088] The following table describes PRACH-Config field descriptions.

(continued)

PRACH Config. Index Preamble Format System Frame Number (SFN) Subframe Number

1 0 Even 4

2 0 Even 7

3 0 Any 1

PRACH-Config field descriptions

rootSequenceIndex
Parameter: RACH_ROOT_SEQUENCE, see TS 36.211 [21, 5.7.1].

prach-ConfigIndex
Parameter: prach-ConfigurationIndex, secTS 36.211 [21, 5.7.1].

highSpeedFlag
Parameter: High-speed-flag, see TS 36.211, [21, 5.7.2].TRUE corresponds to Restricted set and FALSE to 
Unrestricted set.
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PRACH Repetition in Frequency

[0089] In some embodiments, as part of a single random access attempt, a link-budget-limited UE device may repeat
the new RACH format in the frequency domain (in addition to, or as an alternative to, the above-described repetition in
the time domain). Figure 8B illustrates a PRACH preamble transmission including two segments 810 and 815, which
occupy disjoint portions of the UL frequency band, but occupy the same interval 805 in time. (While Figure 8B illustrates
a PRACH preamble transmission including two segments, more generally, any number of segments may be included
in the PRACH preamble transmission.) Each of the segments may be identical in content and structure, e.g., may include
the same number of instances of the same ZC sequence. The segments could be separated in the frequency domain
to provide the benefit of frequency diversity, e.g., 3RBs (or 1 RB) at the upper end of the system bandwidth and the
other 3RBs (or 1RB) at the lower end of the system bandwidth. Each segment may be formatted as variously described
above.
[0090] In some embodiments, an initial PRACH preamble transmission may be followed by a temporal sequence of
one or more re-transmissions of the PRACH preamble, e.g., as variously described above. Each of the PRACH preamble
transmissions (i.e., initial transmission and re-transmissions) may include a plurality of segments as described immedi-
ately above. For example, each PRACH preamble transmission may occupy a corresponding period in time but different
portions of the UL frequency band.

Doppler Indication by PRACH Sequence

[0091] As explained above, the PRACH sequence can be sent across multiple subframes that are separated in time.
In order to obtain a maximum gain while detecting the sequence by the eNB, the eNB may need to know the Doppler
shift or the range of Doppler shift. If the Doppler shift is small in magnitude, then the eNB can combine the complex
values of the cross-correlation across multiple subframes since the channel has not changed much between subframes.
However, if the Doppler shift is large in magnitude, then the eNB can compute the energy values corresponding to the
complex values (i.e., z → |z|2 = zz*), and combine the energy values across multiple subframes instead of the complex
values.
[0092] In some embodiments, we propose to divide the ZC sequences into a plurality of sets (e.g., 2 or 3 sets). For
example, a first set of the ZC sequences may be assigned for use when Doppler shift is low, a second set of ZC sequences
may be assigned for use when Doppler shift is medium, and a third set of ZC sequences may be assigned for use when
Doppler shift is high.
[0093] We may assume that the UE and eNB have agreed upon the definition of these sequence sets.
[0094] The UE could use its sensors (e.g., motion sensors) to measure the Doppler shift.
[0095] The UE may select one of the sequence sets based on the measured Doppler. The UE will use a ZC sequence
from the selected sequence set to perform the multiple transmissions of the PRACH. By correlating against the space
of possible ZC sequences, the eNB can identify the employed ZC sequence and the selected set. The identity of the
selected set informs the eNB of the category of Doppler magnitude (e.g., low, medium, high), and thus, which correlation
combining method will be most effective for the present series of PRACH transmissions. This mechanism for signalling
Doppler category will improve the PRACH detection by the eNB. Set Identity Mapping to Doppler Category, Time Pattern
and Frequency Hopping Pattern
[0096] In some embodiments, the ZC sequence sets defined for different Doppler categories are also associated with
different repetition patterns in time and different frequency domain hopping patterns. In some embodiments, there are
3 sets, where each set is associated with: a corresponding Doppler category (e.g., low or medium or high); a temporal
pattern for the PRACH transmissions, defining the set of TTIs where the PRACH transmissions occur in time domain;
and a corresponding frequency-hopping pattern, defining the set of frequency domains RBs occupied by the hopping
pattern. For example, in one embodiment, the three sets are defined as follows:

Set S1 for Low Doppler: includes 20 sequences; first transmission of PRACH sent on subframe 1, repeated every

(continued)

zeroCorrelationZoneConfig
Parameter: NCS configuration, see TS 36.211, [21, 5.7.2: table 5.7.2-2] for preamble format 0..3 and TS 36.211, 
[21, 5.7.2: table 5.7.2-3] for preamble format 4.

prach-FreqOffset
Parameter: prach-FrequencyOffset, see TS 36.211, [21, 5.7.1]. For TDD the value range is dependent on the 
value of prach-ConfigIndex.
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SFN for 4 SFNs; hopping within the range RB0:15. (RB is an acronym for "Resource Block". RB0:15 is notation for
the resource block range given by block numbers {0, 1, .... 15}.)
Set S2 for Medium Doppler: includes 15 sequences; first transmission of PRACH sent on subframe 3, repeated
transmission every SFN for 4 SFNs; hopping within the range RB16:33.
Set S3 for High Doppler: includes 10 sequences; first transmission of PRACH sent on subframe 2, repeated trans-
mission every SFN for 4 SFNs; hopping within the range RB35:48.

Method 900 for Operating a User Equipment Device

[0097] In one set of embodiments, a method 900 for operating a user equipment (UE) device may be performed as
illustrated in Figure 9. (Method 900 may also include any subset of the features, elements and embodiments described
above.) The method 900 may be performed by a link-budget-limited UE device to facilitate a random access procedure.
The method may be implemented by a processing agent of the link-budget-limited UE device. The processing agent
may be realized by one or more processors executing program instructions, by one or more programmable hardware
elements, by one or more dedicated hardware devices such as ASICs, or by any combination of the foregoing.
[0098] The method may include transmitting a first message including at least three instances of a Zadoff-Chu se-
quence, as indicated at 910. (For example, in format A it is repeated 4 times, and in format B it is repeated 7 times.) The
first message may be transmitted on a physical random access channel (PRACH) within a time-frequency resource
space. The larger number of ZC instances allows for higher probability of message decoding by the base station.
[0099] In some embodiments, the method 900 may also include performing one or more retransmissions of the first
message, wherein said transmission and said one or more retransmissions occur according to a pattern of times deter-
mined by configuration information transmitted by a first base station. (The initial transmission of the first message and
the one or more retransmissions occur as part of a single random access attempt by the link-budget-limited UE device.)
Thus, the base station can predict when the transmission and one or more retransmissions will occur, and can combine
two or more received versions of the first message, resulting in increased probability of successful decoding.
[0100] In some embodiments, the configuration information determines the pattern of times so that a first set of time-
frequency resources usable by the UE device to perform said transmission and said one or more retransmissions is
different from a second set of time-frequency resources usable by one or more other UE devices (e.g., UE devices that
are not link budget limited) to transmit conventional random access preambles. Each of the conventional random access
preambles includes at most two instances of a Zadoff-Chu sequence.
[0101] In some embodiments, the method 900 may also include: when a handover of the UE from the first base station
to a second base station is being performed, receiving a master information block (MIB) from the second base station
prior to said transmitting the first message, wherein the MIB includes a system frame number (SFN) associated with the
second base station, wherein the system frame number is used to determine when a time has arrived for performing
said transmitting the first message.
[0102] In some embodiments, the method 900 may also include: when a handover of the UE from the first base station
to a second base station is being performed, determining when a time has arrived for performing said transmission of
the first message based on a system frame number received from the first base station, wherein the system frame
number is synchronized between the first base station and the second base station.
[0103] In some embodiments, the method 900 may also include: when a handover of the UE from the first base station
to a second base station is being performed, receiving a radio resource control (RRC) information element transmitted
by the first base station. The RRC information element may include a system frame number associated with the second
base station. The system frame number may be used to determine when a time has arrived for performing said trans-
mission of the first message.
[0104] In some embodiments, the action of transmitting the first message and said one or more retransmissions are
performed in response to stored information indicating that the UE is link budget limited (e.g., by virtue of being equipped
with a poorly performing antenna system).
[0105] In some embodiments, the action of transmitting the first message and said one or more retransmissions are
performed in response to the UE determining that the UE is operating in a link-budget-limited condition.
[0106] In some embodiments, the method 900 may also include: prior to the action of transmitting the first message,
receiving the configuration information transmitted by the base station. The base station may transmit the configuration
information, e.g., as part of the system information block SIB2.
[0107] In some embodiments, the configuration information identifies the pattern of times from a predefined set of
timing patterns, wherein each of the timing patterns. For example, each timing pattern may indicate allowed times for
said transmission of the first message and a corresponding inter-transmission time spacing for the one or more retrans-
missions.
[0108] In some embodiments, the first message includes a plurality of sub-carriers for conveying said at least three
instances of the Zadoff-Chu sequence, wherein a spacing of the subcarriers is greater than 1.25 kHz.
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[0109] In some embodiments, the first message spans more than one transmission time interval (TTI).
[0110] In some embodiments, the method 900 may also include: receiving a second message (e.g., a random access
response) transmitted by a base station, wherein the second message is transmitted by the base station in response to
the base station successfully decoding the first message.
[0111] In some embodiments, the second message is transmitted by the base station two or more times and/or with
lower coding rate.
[0112] In some embodiments, the second message is transmitted by the base station with a coding rate lower than
conventional random access response messages (e.g., conventional RAR messages as defined in existing 3GPP stand-
ards).
[0113] In some embodiments, the method 900 may also include: transmitting a third message to the base station in
response to successfully decoding the second message from the base station. The third message may be transmitted
(a) with lower coding data rate than conventional PUSCH messages and/or (b) repeatedly in time.

Method for Operating a Base Station

[0114] In one set of embodiments, a method 1000 for operating a base station (BS) may be performed as illustrated
in Figure 10. (Method 1000 may also include any subset of the features, elements and embodiments described above.)
The method 1000 may be performed to facilitate random access procedure for link-budget-limited UE devices. The
method may be implemented by a processing agent of the base station, e.g., a processing agent as variously described
above.
[0115] At 1010, the method may include transmitting first configuration information for one or more link-budget-limited
user equipment (UE) devices. Each of the link-budget-limited UE devices may be configured to transmit a random access
preamble and perform one or more retransmissions of the random access preamble. The random access preamble
includes one or more instances of a Zadoff-Chu sequence. The first configuration information indicates a pattern of times
(and/or other configuration features such as frequency hopping pattern) for said transmission and said one or more
retransmissions of the random access preamble. In some embodiments, the random access preamble includes at least
three instances of the Zadoff-Chu sequence.
[0116] In some embodiments, operation 1010 may be omitted. For example, the pattern of times (and/or other con-
figuration features) may have been previously agreed upon by the base station and the one or more link-budget-limited
UE devices (or a subset of those devices). Thus, transmission of the first configuration information is not needed.
[0117] At 1015, the method may include receiving said transmission of the random access preamble from a first of
the one or more UE devices to obtain a first data record, i.e., a set of samples.
[0118] At 1020, the method may include receiving said one or more retransmissions of the random access preamble
from the first UE device to obtain respectively one or more additional data records.
[0119] At 1025, the method may include decoding the random access preamble based on the first data record and
the one or more additional data records.
[0120] In some embodiments, the method 1000 may also include transmitting second configuration information for
one or more UE devices that are not link budget limited. Each of the UE devices that are not link budget limited may be
configured to transmit a second random access preamble based on timing identified by the second configuration infor-
mation. (The second random access preamble may conform to a conventional preamble format.) The second random
access preamble transmitted by any given one of the non-link-budget-limited UE devices includes at most two instances
of a Zadoff-Chu sequence selected by that UE device.
[0121] In some embodiments, the first configuration information and the second configuration information are deter-
mined by the base station so that a first set of time-frequency resources usable by the first UE device to perform said
transmission and said one or more retransmissions of the random access preamble is different from a second set of
time-frequency resources usable by the one or more UE devices that are not link budget limited to transmit the second
random access preambles.
[0122] In some embodiments, the method 1000 may also include: in response to decoding the random access preamble,
transmitting a random access response to the first UE device, wherein the random access response is transmitted (a)
with lower coding rate than conventional random access responses and/or (b) using a plurality of repetitions in time.
[0123] In some embodiments, the method 1000 may also include: receiving a message from the first UE device,
wherein the first UE device transmits the message after receiving the random access response, wherein the message
is transmitted with coding rate lower than normal PUSCH messages and/or with a plurality of repetitions in time.
[0124] In some embodiments, the first configuration information identifies the pattern of times from a predetermined
set of time patterns (known to the UE devices).
[0125] In some embodiments, the random access preamble includes a plurality of sub-carriers for conveying said at
least three instances of the Zadoff-Chu sequence, wherein a spacing of the subcarriers is greater than 1.25 kHz.
[0126] In some embodiments, the random access preamble spans more than one transmission time interval/subframe
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(TTI).

User Equipment with Signaling of Doppler Category via Sequence Set Selection

[0127] In one set of embodiments, a method 1100 for operating a user equipment (UE) device may be performed as
illustrated in Figure 11. (Method 1100 may also include any subset of the features, elements and embodiments described
above.) The method 1100 may be performed to facilitate random access procedure for link-budget-limited UE devices.
The method may be implemented by a processing agent. The processing agent may be realized by one or more processors
executing program instructions, by one or more programmable hardware elements, by one or more dedicated hardware
devices such as ASICs, or by any combination of the foregoing.
[0128] At 1110, the processing agent may select a set from a plurality of sets of Zadoff-Chu sequences. The selection
may be based on a measurement of Doppler shift magnitude of the UE device relative to a base station. (In alternative
embodiments, the selection may be based on some other property or data value or range of data values to be signaled
to the base station.) The identity of the selected set among the plurality of sets is usable by a base station to determine
a correlation accumulation method. Each set may include a plurality of Zadoff-Chu sequences.
[0129] The correlation accumulation method may, e.g., be selected from a complex-valued accumulation method and
an energy accumulation method, e.g., as variously described above. The set of accumulation methods from which
selection occurs may include other methods as well.
[0130] At 1115, the processing agent may perform two or more transmissions of a first message. The first message
may include one or more instances of a particular Zadoff-Chu sequence chosen from the selected set.
[0131] In some embodiments, the two or more transmissions are performed with frequency hopping over a plurality
of time intervals. Different ones of the above-described sets may be associated with different patterns of frequency
hopping.
[0132] In some embodiments, the two or more transmissions are performed according to one of a plurality of possible
repetition patterns in time. Different ones of the sets may be associated with different ones of the repetitions patterns in
time.
[0133] In one set of embodiments, a method 1200 for operating a user equipment (UE) device may be performed as
illustrated in Figure 12. (Method 1200 may also include any subset of the features, elements and embodiments described
above.) The method 1200 may be performed to facilitate a random access procedure for link-budget-limited UE devices.
The method 1200 may be implemented by a processing agent. The processing agent may be realized by one or more
processors executing program instructions, by one or more programmable hardware elements, by one or more dedicated
hardware devices such as ASICs, or by any combination of the foregoing.
[0134] At 1210, the processing agent may select a set from a plurality of sets based on a measurement of Doppler
shift magnitude of UE relative to a base station. Each of the sets includes a plurality of Zadoff-Chu sequences. Different
ones of the sets have been assigned to different ranges of Doppler shift magnitude.
[0135] At 1215, the processing agent may perform two or more transmissions of a first message, where the first
message includes one or more instances of a particular Zadoff-Chu sequence chosen from the selected set. The UE
device thereby signals to the base station information regarding its measured Doppler shift magnitude. The base station
may use the identity of the selected set to determine an appropriate method for correlation data combining over the two
or more instances of the first message.
[0136] In some embodiments, the base station may be configured to: receive symbol data in response to the two or
more transmissions of the first message; perform correlation processing on the symbol data to obtain information iden-
tifying the particular Zadoff-Chu sequence and information identifying the selected set among the plurality of sets; select
a correlation accumulation method from a complex-valued accumulation method and an energy accumulation method
based on the information identifying the selected set; and accumulate two or more correlation sequences according to
the selected correlation accumulation method, wherein each of the two or more correlation sequences is generated by
correlation of a respective portion of the symbol data with the particular Zadoff-Chu sequence, wherein each of the
portions of the symbol data corresponds to a respective instance of the particular Zadoff-Chu sequence in one of the
two or more transmissions.
[0137] In some embodiments, each of the two or more transmissions occurs in a different time interval, wherein a first
of the transmissions in a first time interval occupies a first set of frequency resources, wherein a second of the trans-
missions in a second time interval occupies a second set of frequency resources different from the first set of frequency
resources.
[0138] In some embodiments, the two or more transmissions respectively occupy two or more distinct time intervals,
wherein frequency resources used to perform the two or more transmissions change from one the time intervals to the
next according to a particular one of a plurality of frequency hopping patterns, wherein each of the plurality frequency
hopping patterns is associated with a respective one of the plurality of sets.
[0139] In some embodiments, the base station is configured to: receive symbol data in response to the two or more
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transmissions of the first message; perform correlation processing on subsets of the symbol data, wherein each of the
subsets of the symbol data corresponds to a respective one of the frequency hopping patterns, wherein the correlation
processing determines information identifying the particular Zadoff-Chu sequence and information identifying the selected
set among the plurality of sets of Zadoff-Chu sequences; and accumulate two or more correlation sequences generated
by correlating two or more respective portions of a particular subset of the symbol data with the particular Zadoff-Chu
sequence, wherein the particular subset of the symbol data is chosen based on the information identifying the selected
set of Zadoff-Chu sequences, wherein each of the two or more portions of the particular subset corresponds to a
respective instance of the particular Zadoff-Chu sequence in one of the two or more transmissions of the first message.
[0140] In some embodiments, the two or more transmissions are performed according to one of a plurality of repetition
patterns in time, wherein each of the repetition patterns in time is associated with a respective one of the sets of Zadoff-
Chu sequences.
[0141] In some embodiments, the base station is configured to: receive symbol data in response to the two or more
transmissions of the first message; perform correlation processing on subsets of the symbol data, wherein each of the
subsets corresponds to a respective one of the repetitions patterns in time, wherein the correlation processing determines
information identifying the particular Zadoff-Chu sequence and information identifying the selected set among the plurality
of sets of Zadoff-Chu sequences; and accumulate two or more correlation sequences to obtain an accumulated correlation
sequence, wherein the two or more correlation sequences are generated by correlating two or more respective portions
of a particular subset of the symbol data with the particular Zadoff-Chu sequence, wherein the particular subset of the
symbol data is chosen based on the information identifying the selected set of Zadoff-Chu sequences, wherein each of
the two or more respective portions corresponds to a respective instance of the particular Zadoff-Chu sequence in one
of the two or more transmissions of the first message.

Base Station Selects Correlation Accumulation Method Based on Set Membership of Zadoff-Chu Sequence

[0142] In one set of embodiments, a method 1300 for operating a base station may be performed as illustrated in
Figure 13. (Method 1300 may also include any subset of the features, elements and embodiments described above.)
The method 1300 may be performed to facilitate random access procedure for link-budget-limited UE devices. The
method 1300 may be implemented by a processing agent. The processing agent may be realized by one or more
processors executing program instructions, by one or more programmable hardware elements, by one or more dedicated
hardware devices such as ASICs, or by any combination of the foregoing.
[0143] At 1310, the processing agent may receive symbol data in response to two or more transmissions of a first
message from the UE device, e.g., as variously described above. The UE device may perform the two or more trans-
missions using a particular Zadoff-Chu sequence chosen from one of a plurality of sets of Zadoff-Chu sequences.
[0144] At 1315, the processing agent may perform correlation processing on the symbol data to identify the set to
which the particular Zadoff-Chu sequence belongs.
[0145] At 1320, the processing agent may accumulate correlation data records using an accumulation method. The
accumulation method may be selected from a complex-valued accumulation method or an energy accumulation method
based on the identity of said set.
[0146] In some embodiments, the UE device performs the two or more transmissions using frequency hopping over
a plurality of time intervals, wherein different ones of the sets are associated with different patterns of frequency hopping.
In these embodiments, the method may also include determining the frequency hopping pattern based on the identity
of said set.
[0147] In some embodiments, the UE device performs the two or more transmissions according to one or a plurality
of possible repetitions patterns in time, wherein different ones of the sets are associated with different repetition patterns
in time. In these embodiments, the method may also include determining the repetition pattern based on the identity of
said set.
[0148] In some embodiments, the correlation accumulation method is selected from a complex-valued accumulation
method and an energy accumulation method.
[0149] In one set of embodiments, a method 1400 for operating a base station may be performed as illustrated in
Figure 14. (Method 1400 may also include any subset of the features, elements and embodiments described above.)
The method 1400 may be performed to facilitate random access procedure for link-budget-limited UE devices. The
method 1400 may be implemented by a processing agent. The processing agent may be realized by one or more
processors executing program instructions, by one or more programmable hardware elements, by one or more dedicated
hardware devices such as ASICs, or by any combination of the foregoing.
[0150] At 1410, the processing agent may receive symbol data in response to two or more transmissions of a first
message from the UE device, wherein the first message includes one or more instances of a particular Zadoff-Chu
sequence, wherein the particular Zadoff-Chu sequence has been chosen by the UE device from a selected one of a
plurality of sets of Zadoff-Chu sequences, wherein each of the sets corresponds to a different range of magnitude of
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Doppler shift of the UE device relative to the base station
[0151] At 1415, the processing agent may perform correlation processing on the symbol data to determine information
identifying the particular Zadoff-Chu sequence and information identifying the selected set among the plurality of sets.
[0152] At 1420, the processing agent may select a correlation accumulation method from a complex-valued accumu-
lation method and an energy accumulation method based on the information identifying the selected set.
[0153] At 1425, the processing agent may accumulate two or more correlation sequences according to the selected
correlation accumulation method. Each of the two or more correlation sequences may be generated by correlation of a
respective portion of the symbol data with the particular Zadoff-Chu sequence. Each of the portions of the symbol data
may correspond to a respective instance of the particular Zadoff-Chu sequence in one of the two or more transmissions.
[0154] In some embodiments, each of the two or more transmissions occurs in a different time interval. A first of the
transmissions in a first time interval may occupy a first set of frequency resources; and a second of the transmissions
in a second time interval may occupy a second set of frequency resources different from the first set of frequency
resources.
[0155] In some embodiments, the two or more transmissions respectively occupy two or more distinct time intervals,
where frequency resources used to perform the two or more transmissions change from one the time intervals to the
next according to a particular one of a plurality of frequency hopping patterns, wherein each of the plurality frequency
hopping patterns is associated with a respective one of the plurality of sets.
[0156] In some embodiments, the method 1400 may also include: receiving symbol data in response to the two or
more transmissions of the first message; performing correlation processing on subsets of the symbol data, wherein each
of the subsets of the symbol data corresponds to a respective one of the frequency hopping patterns, wherein the
correlation processing determines information identifying the particular Zadoff-Chu sequence and information identifying
the selected set among the plurality of sets of Zadoff-Chu sequences; accumulating two or more correlation sequences
generated by correlating two or more respective portions of a particular subset of the symbol data with the particular
Zadoff-Chu sequence, wherein the particular subset of the symbol data is chosen based on the information identifying
the selected set of Zadoff-Chu sequences, wherein each of the two or more portions of the particular subset corresponds
to a respective instance of the particular Zadoff-Chu sequence in one of the two or more transmissions of the first message.
[0157] In some embodiments, the two or more transmissions are performed according to one of a plurality of repetition
patterns in time, wherein each of the repetition patterns in time is associated with a respective one of the sets of Zadoff-
Chu sequences.
[0158] In some embodiments, the method 1400 may also include: receiving symbol data in response to the two or
more transmissions of the first message; performing correlation processing on subsets of the symbol data, wherein each
of the subsets corresponds to a respective one of the repetitions patterns in time, wherein the correlation processing
determines information identifying the particular Zadoff-Chu sequence and information identifying the selected set among
the plurality of sets of Zadoff-Chu sequences; and accumulating two or more correlation sequences to obtain an accu-
mulated correlation sequence, wherein the two or more correlation sequences are generated by correlating two or more
respective portions of a particular subset of the symbol data with the particular Zadoff-Chu sequence, wherein the
particular subset of the symbol data is chosen based on the information identifying the selected set of Zadoff-Chu
sequences, wherein each of the two or more respective portions corresponds to a respective instance of the particular
Zadoff-Chu sequence in one of the two or more transmissions of the first message.
[0159] In some embodiments, the first message includes two instances of the particular Zadoff-Chu sequence.

Example of Frequency Hopping Over Multiple PRACH Transmissions

[0160] Figure 15 illustrates a simple example of frequency hopping over multiple PRACH transmissions. Each PRACH
transmission includes 2 RBs and occurs in a corresponding time interval. For example, a first PRACH transmission
includes RBs 810 and 815, which occur in time interval T1; a second PRACH transmission includes RBs 820 and 825,
which occur in time interval T2; a third PRACH transmission includes RBs 830 and 835, which occur in time interval T3;
and a fourth PRACH transmission includes RBs 840 and 845, which occur in time interval T4. The pair of RBs hops to
different frequency locations in different time intervals, thus providing frequency diversity. A wide variety of other pos-
sibilities for the frequency hopping pattern and the various transmission parameters are contemplated, and the present
example is not meant to be limiting.

PRACH Repetition over Consecutive Subframes for Link-Budget-Limited UE Devices

[0161] In some embodiments, a link-budget-limited UE device may transmit the PRACH repeatedly, over successive
subframes, e.g., with one PRACH transmission in each of the successive subframes. Thus, it may not be necessary to
modify the SIB2 information. The subframe where the first instance of the PRACH is sent may be the subframe indicated
by the SIB2 as defined by existing LTE standards. (UE devices operating under the existing LTE standards would transmit
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only one PRACH-containing subframe.) UE devices that are not link budget limited (e.g., UE devices that are closer to
the eNB) may perform random access in a conventional manner, using only one PRACH-containing subframe.
[0162] In any one of the successive subframes, the 2 RBs forming the PRACH for that subframe can be adjacent or
spread across the frequency domain (e.g., at the edges of 1.4 MHz, 5 MHz or 10 MHz) to benefit from frequency diversity.
In one embodiment, new PRACH format C may be used for transmitting the instances of the PRACH in the corresponding
subframes. However, any of a wide variety of other formats may be used.
[0163] The number of repetitions of the PRACH may be fixed. Alternatively, the number of repetitions may be variable,
e.g., signaled to the UE by the eNB. For example, a value may be added in SIB2, in order to signal the number of repetitions.
[0164] While the PRACH is repeated in the time domain, the location of the 2 RBs forming the PRACH can hop in the
frequency domain from one subframe to the next, allowing the eNB to benefit from frequency diversity. The hopping
pattern could either be predetermined (fixed), or signaled in system information (e.g., SIB2) transmitted by the eNB.
[0165] In some embodiments, the RBs used by a link-budget-limited UE device for its first PRACH transmission at
least partially overlap with the RBs used by a normal UE device for its only PRACH transmission. (The term "normal UE
device" is a synonym for a UE device that is not link budget limited.) However, the link-budget-limited UE devices and
normal UE devices will use different ZC sequences, e.g., randomly chosen ZC sequences. Thus, even though link-
budget-limited devices and normal devices collide on the commonly used RBs, the ZC sequences may be sufficiently
orthogonal that the eNB can clearly detect the ZC sequence transmitted by each of the devices. Link-budget-limited
devices will have additional opportunities to re-transmit PRACH in the following consecutive subframes.
[0166] In other embodiments, the RBs used by a link-budget-limited UE device for its first PRACH transmission are
configured to be disjoint with the RBs used by a normal UE device for its only PRACH transmission.

Figure 16 - PRACH Instances Transmitted over Consecutive Subframes

[0167] In one set of embodiments, a method 1600 for operating a UE device may include the operations shown in
Figure 16. (The method 1600 may also include any subset of the features, elements and embodiments described above.)
The method 1600 may be employed to facilitate a random access procedure when the UE device is link budget limited.
The operations may be performed by a processing agent of the UE device, e.g., a processing agent as variously described
above.
[0168] At 1610, the UE device may transmit a plurality of instances of a Physical Random Access Channel (PRACH)
over a plurality of consecutive subframes of an uplink signal to a base station. Each of the consecutive subframes may
include a corresponding one of the PRACH instances. (The plurality of PRACH instances are preferably transmitted as
part of a single random access attempt by the UE device.) The consecutive subframes may be subframes in a single
radio frame or in a plurality of radio frames.
[0169] In some embodiments, resource blocks used by the UE device to transmit a first of the PRACH instances in a
first of the consecutive subframes are disjoint from resource blocks used by a second UE device to transmit a conventional
PRACH subframe, where the second UE device is not link budget limited.
[0170] In some embodiments, resource blocks used by the link-budget-limited UE device to transmit a first of the
PRACH instances in a first of the consecutive subframes at least partially overlap with resource blocks used by a second
UE device to transmit a conventional PRACH subframe, where the second UE device is not link budget limited. The link-
budget-limited UE device and the second UE device may each be configured to randomly select a corresponding ZC
root for PRACH transmission. (Thus, the independently selected ZC roots are likely to be sufficiently orthogonal for
unique identification at the base station.)
[0171] In some embodiments, the method 1600 may also include receiving system information (e.g., as part of SIB2)
that indicates the number of said consecutive subframes.
[0172] In some embodiments, the number of said successive subframes is fixed, and known by the link budget limited
UE device and the base station.
[0173] In some embodiments, resource blocks used by the link-budget-limited UE device to transmit a PRACH instance
hop in the frequency domain from one of the consecutive subframes to the next.
[0174] In some embodiments, a hopping pattern according to which the resource blocks hop in the frequency domain
is fixed and known by the link-budget-limited UE device and the base station.
[0175] In some embodiments, the method 1600 may also include receiving system information (e.g., as part of SIB2)
identifying a hopping pattern to be used to perform said hopping in the frequency domain.

Figure 17 - Base Station Supporting Correlation Accumulation of PRACH Instances

[0176] In one set of embodiments, a method 1700 for operating a base station may include the operations shown in
Figure 17. (The method 1700 may also include any subset of the features, elements and embodiments described above.)
The method 1700 may be employed to facilitate successful completion of a random access procedure when a UE device



EP 3 425 990 A1

19

5

10

15

20

25

30

35

40

45

50

55

is link budget limited. The operations may be performed by a processing agent of the base station, e.g., a processing
agent as variously described above.
[0177] At 1710, the base station may receive symbol data in response to a transmission of a plurality of instances of
a PRACH by the UE device. The plurality of PRACH instances are transmitted over a plurality of consecutive subframes.
(The plurality of PRACH instances are transmitted as part of a single random access attempt by the UE device.) Each
of the plurality of consecutive subframes contains a corresponding one of the PRACH instances.
[0178] At 1715, the base station may perform correlation processing on the symbol data to determine which Zadoff-
Chu (ZC) sequence from a set of available ZC sequences is included in the plurality of PRACH instances. The correlation
processing accumulates correlation data over the plurality of consecutive subframes. The accumulation of the correlation
data may have the effect of improving the probability of successful decode of the PRACH preamble.

Time Repetition of the New PRACH Format

[0179] In order for the eNB to accumulate the repeated PRACH transmissions over the consecutive subframes, the
eNB needs to know the number of the consecutive subframes used by the UE to transmit the repeated PRACH trans-
missions. This number could be fixed (e.g., 2 or 3 or 4 or 5), or signaled by the eNB in system information (e.g., in a
modified version of SIB2).
[0180] The eNB may need to know the frequency hopping pattern of the RBs (e.g., 2 RBs) containing the PRACH
sequence, i.e., the pattern of frequency hopping from one subframe to the next in the set of successive subframes.
Similar to the above, the hopping pattern could either be fixed (e.g., a hopping sequence for each ZC root sequence
chosen by the UE) or signaled in system information such as SIB2.

Signaling Link-Budget-Limited Status by Additional PRACH Transmissions

[0181] In some embodiments, an eNB and UE devices may operate as follows to allow the eNB to determine during
the initial PRACH messaging of the random access procedure whether a given UE device is link budget limited or not.
[0182] The eNB may transmit conventional system information (such as SIB2) to the UE device in the cell (or sector),
wherein the system information controls features of the random access procedure such as PRACH configuration and
PRACH format. For example, the eNB may signal in SIB2 one of PRACH format 0 or PRACH format 2, as defined by
the LTE specifications. When initiating the random access procedure, any UE device, whether link budget limited or not,
may transmit a conventional set of one or two consecutive PRACH-containing subframes, using the PRACH format and
the PRACH configuration signaled by the eNB, as defined by the LTE specifications. (Format 0 uses only one PRACH-
containing subframe. Format 2 uses two consecutive PRACH-containing subframes.) A link budget limited device will
continue by transmitting one or more additional PRACH-containing subframes that follow consecutively after the con-
ventional subframe set. A UE device that is not link budget limited will not transmit any additional PRACH-containing
subframe as part of the present random access procedure. (Any UE device may initiate a new random access procedure
if the present procedure fails.) The number of the one or more additional PRACH-containing subframes used by link
budget limited devices is known by the eNB.
[0183] In other words, any UE device may transmit the one or more PRACH attempts as dictated by the existing LTE
standards while the link budget limited UE device will transmit one or more additional PRACH subframes in each attempt,
in order to signal its link budget limited status to the eNB. The one or more additional PRACH instances occur in
consecutive subframes and start in the subframe immediately after the last subframe of the conventional subframe set.
[0184] The eNB can determine whether a UE device is link budget limited or not by analyzing the conventional subframe
set, and the entire subframe set, which includes the conventional subframe set and the one or more additional subframes.
If a UE device is link budget limited, correlation processing on the entire subframe set should identify a significant peak
(or strong peak) for the UE-selected ZC sequence. If a UE device is not link budget limited, correlation processing of
the conventional subframe set should identify a peak for the UE-selected ZC sequence, while correlation processing on
the entire subframe set may fail to identify a unique peak due to the diluting (correlation destroying) effect of the non-
PRACH-bearing additional subframes.
[0185] As an example, if the eNB signals the use of format 0 and subframe 0, the link budget limited UE device may
send a first PRACH instance (as dictated by format 0) in subframe 0, and an additional PRACH instance in each of
subframes 1 and 2. Each additional PRACH instance may use the same ZC sequence, the same number or PRACH-
containing resource blocks as the first PRACH instance.
[0186] As another example, if the eNB signals the use of format 2 and subframe 0, then the link budget limited UE
device may send a PRACH instance in each of subframes 0 and 1, as dictated by format 2, and then transmit an additional
PRACH instance in each of subframes 2 and 3. Each additional PRACH instance may use the same PRACH configuration
as subframes 0 and 1.
[0187] In alternative embodiments, a link budget limited UE device may ignore the PRACH format signaled by SIB2,
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and always use a predetermined one of format 0 or format 2 for its initial PRACH messaging, but otherwise behave as
described above in the section "Signaling Link-Budget-Limited Status by Additional PRACH Transmissions". (The pre-
determined format is known to the eNB, and thus, the eNB knows to receive PRACH instances according to the prede-
termined format.)
[0188] For example, whenever it needs to perform the random access procedure, a link budget limited UE may send
format 2 in subframes 0 and 1 (format 2 lasts 2 ms), and repeats in subframes 2 and 3. As another example, whenever
it needs to perform the random access procedure, a link budget limited UE may send format 0 in subframe 0, and repeats
in subframe 1 and subframe 2.

Figure 18 - Method for Signaling Link Budget Limited Status to Base Station

[0189] In one set of embodiments, a method 1800 for operating a user equipment (UE) device may include the
operations shown in Figure 18. (The method 1800 may also include any subset of the features, elements and embodiments
described above.) The method 1800 may be employed to facilitate successful completion of a random access procedure
if (or when) a UE device is link budget limited. The operations may be performed by a processing agent of the UE device,
e.g., a processing agent as variously described above.
[0190] At 1810, the UE device may transmit a first set of one or more instances of a Physical Random Access Channel
(PRACH) respectively over a first set of one or more consecutive subframes. The action of transmitting the first set of
one or more PRACH instances may be performed according to a conventional format for transmission of PRACH.
[0191] At 1815, the UE device may transmit a second set of one or more instances of the PRACH respectively over
a second set of one or more consecutive subframes starting immediately after a last subframe of the first set of one or
more subframes. Each of the one or more PRACH instances of the first set and each of the one or more PRACH instances
of the second set may use the same Zadoff-Chu sequence.
[0192] Operations 1810 and 1815 are performed as part of a single random access attempt by the link-budget-limited
UE device.
[0193] UE devices that are not link budget limited may be configured to transmit the one or more conventional instances
of the PRACH but not the one or more additional instances. Thus, the base station is able to determine whether a given
UE device attempting random access is link budget limited or not by determining whether the additional instances are
present in the uplink signal.
[0194] In some embodiments, the method 1800 may also include, prior to said transmitting the first set of one or more
PRACH instances, receiving system information (e.g., in SIB2) from a base station. The system information may indicate
at least the conventional format.

(The "conventional format" may, e.g., be a format specified by 3GPP TS 36.211.)

[0195] In some embodiments, the conventional format may be a fixed format known to a base station serving the UE
device.
[0196] In some embodiments, the conventional format corresponds to PRACH format 0 of 3GPP TS 36.211, wherein
the first set of one or more subframes includes only one subframe.
[0197] In some embodiments, the conventional format corresponds to PRACH format 2 of 3GPP TS 36.211, where
the first set of one or more subframes includes exactly two subframes.
[0198] In some embodiments, a PRACH configuration (e.g., number of PRACH-containing resource blocks, number
of ZC sequence repetitions, ZC sequence length) for each subframe of the first set and for each subframe of the second
set is identical.
[0199] In one set of embodiments, a method 1900 for operating a user equipment (UE) device may include the
operations shown in Figure 19. (The method 1900 may also include any subset of the features, elements and embodiments
described above.) The method 1900 may be employed to facilitate successful completion of a random access procedure
if (or when) a UE device is link budget limited. The operations may be performed by a processing agent of the UE device,
e.g., a processing agent as variously described above.
[0200] At 1910, the UE device may transmit a first set of one or more consecutive subframes including a first Physical
Random Access Channel (PRACH). The first PRACH may be transmitted according to a conventional format for PRACH
transmission.
[0201] At 1915, the UE device may transmit a second set of one or more consecutive subframes containing one or
more repetitions of the first PRACH. The second set of one or more consecutive subframes may start immediately after
a last subframe of the first set of one or more subframes. Each of the one or more PRACH repetitions may use the same
Zadoff-Chu sequence as the first PRACH.
[0202] Operations 1910 and 1915 are performed as part of a single random access attempt by the link-budget-limited
UE device.
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[0203] In one set of embodiments, a method 2000 for operating a base station may include the operations shown in
Figure 20. (The method 2000 may also include any subset of the features, elements and embodiments described above.)
The method 2000 may be employed to facilitate successful completion of a random access procedure if (or when) a UE
device is link budget limited. The operations may be performed by a processing agent of the base station, e.g., a
processing agent as variously described above.
[0204] At 2010, the base station may receive a first symbol data set in response to a first transmission by the UE
device, wherein the first transmission includes a first set of one or more instances of a Physical Random Access Channel
(PRACH) respectively over a first set of one or more consecutive subframes, wherein said first transmission is performed
according to a conventional format for transmission of PRACH.
[0205] At 2015, the base station may receive a second symbol data set in response to a subsequent transmission by
the UE device, wherein the subsequent transmission includes a second set of one or more consecutive subframes
starting immediately after a last subframe of the first set of one or more subframes.
[0206] At 2020, the base station may perform correlation processing on a union of the first symbol data set and the
second symbol data set to determine if the second set of one or more consecutive subframes contains one or more
PRACH instances in addition to the first set of one or more PRACH instances, wherein the one or more additional PRACH
instances, if present, are assumed to use to the same ZC sequence as the one or more PRACH instances of the first set.
[0207] At 2025, in response to determining that the second set of one or more consecutive subframes contains one
or more PRACH instances in addition to the first set of one or more PRACH instances, the base station may store in
memory an indication that the UE device is link budget limited.
[0208] In some embodiments, the method 2000 may also include, prior to said receiving the first symbol data set,
transmitting system information that indicates at least the conventional format.
[0209] In some embodiments, the conventional format is a fixed format known to the base station.
[0210] In some embodiments, the method 2000 may also include: in response to the indication that the UE device is
link budget limited, transmitting one or more messages of a random access procedure to the UE device using a lower
coding rate (or more redundancy) than used when non-link-budget limited UE devices are attempting random access.
[0211] In some embodiments, the method 2000 may also include: in response to the indication that the UE device is
link budget limited, transmitting downlink payload data to the UE device using a lower coding rate (or more redundancy)
than used when non-link-budget limited UE devices are attempting random access.
[0212] The stored indication of link-budget-limited status of a UE device may be used by the base station to invoke
special handling procedures for that UE device, e.g., for transmission of MSG2 and/or MSG4, and/or, for reception of
MSG3 of the random access procedure, e.g., as variously described above.
[0213] In one set of embodiments, a method 2100 for operating a base station may include the operations shown in
Figure 21. (The method 2100 may also include any subset of the features, elements and embodiments described above.)
The method 2100 may be employed to facilitate successful completion of a random access procedure if (or when) a UE
device is link budget limited. The operations may be performed by a processing agent of the base station, e.g., a
processing agent as variously described above.
[0214] At 2110, the base station may receive a first symbol data set in response to a first transmission by the UE
device, wherein the first transmission is a transmission of a first set of one or more consecutive subframes including a
first Physical Random Access Channel (PRACH), wherein said first PRACH is transmitted according to a conventional
format for PRACH transmission.
[0215] At 2115, the base station may receive a second symbol data set in response to a subsequent transmission by
the UE device, wherein the subsequent transmission is a transmission of a second set of one or more consecutive
subframes, wherein the second set of one or more consecutive subframes starts immediately after a last subframe of
the first set of one or more subframes.
[0216] At 2120, the base station may perform correlation processing on a union of the first symbol data set and the
second symbol data set to determine if the second set of one or more consecutive subframes contains one or more
repetitions of the first PRACH, wherein the one or more repetitions of the first PRACH, if present, are assumed to use
to the same Zadoff-Chu sequence as the first PRACH.
[0217] At 2125, in response to determining that the second set of one or more consecutive subframes contains one
or more repetitions of the first PRACH, the base station may store in memory an indication that the UE device is link
budget limited.

Background Regarding Conventional PRACH Sequence Set

[0218] In 3GPP TS 36.211, a list of logical root sequence numbers and corresponding physical root sequence numbers
is specified for PRACH. See Figure 22, which shows Table 5.7.2-4 of TS 36.211. The eNB will signal a logical root
sequence number in SIB2. The UE then will generate a set of 64 Zadoff-Chu sequences based: on Ncs (also signaled
in SIB2); and physical root sequence numbers corresponding respectively to consecutive logical root sequence numbers,
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starting with the signaled logical root sequence number. In particular, the eNB generates a first subset of the sequences
based on cyclic shifts using the first physical root sequence number until the first physical root sequence number is
exhausted, then generates a second subset of sequences based on cyclic shifts using the second physical root sequence
number until the second physical root sequence number is exhausted, and so on, until 64 sequences have been gen-
erated.
[0219] Figure 23 is a copy of Table 5.7.2-2 ("Ncs for preamble generation, preamble formats 0-3") from 3GPP TS
36.211. The Table shows the value of NCS for restricted set and unrestricted set, as a function of zeroCorrelationZone-
Config.
[0220] Also the eNB will signal the PRACH configuration to the UE. The PRACH configuration will determine which
subframes can be used by the UE to send the PRACH preamble. See Figure 24, which presents a table showing frame
structure type 1 random access configuration for preamble formats 0-3. For each subframe, the table shows the subframes
allowed for PRACH preamble transmission.

Proposal to Identify Link-Budget-Limited UE Devices

[0221] In one set of embodiments, we propose to have one or more (e.g., one or two or three) reserved logical root
sequence numbers for the link-budget-limited devices. The one or more physical root sequence numbers corresponding
to the one or more reserved logical root sequence numbers are used to generate a special set of Zadoff-Chu sequences,
from which a link-budget-limited UE device will randomly select. The special set may be disjoint from the conventional
set of Zadoff-Chu sequences used by conventional UE devices. (UE devices that are not link budget limited may perform
PRACH preamble transmission in a conventional fashion, by selecting from the conventional set.) The number of ZC
sequences in the special set may be large enough to satisfy the needs of the expected number (or the expected maximum
number or a specified maximum number) of link-budget-limited UE devices within the cell.
[0222] In some embodiments, the number of sequences reserved for the link-budget-limited devices may be approx-
imately 12. However, a wide variety of other values or ranges of values are contemplated.
[0223] In some embodiments, only a single logical root sequence number is reserved.
[0224] In some embodiments, the value of NCS is selected to be small. This feature may enable the UE to generate
the special set of ZC sequences by cyclic shifts using only a single physical root sequence number. (The number of
values of shift parameter Cv is determined by floor(NZC/NCS), as specified in section 5.7.2 of TS 36.211.)
[0225] To support the link-budget-limited devices, a small (or smaller) value of Ncs may be used. (The value Ncs is
also referred to herein as "cyclic shift value"). The small value increases the number of cyclic shifts that can be applied
for a given physical root sequence number.
[0226] Now the presence of one of the sequences of the special set will constitute a particular signature for eNBs to
recognize link-budget-limited devices.
[0227] In one set of embodiments, a method 2500 for operating a user equipment (UE) device may include the
operations shown in Figure 25. (The method 2500 may also include any subset of the features, elements and embodiments
described above.) The method 2500 may be employed to facilitate successful completion of a random access procedure
if (or when) the UE device is link budget limited. The operations may be performed by a processing agent of the UE
device, e.g., a processing agent as variously described above.
[0228] At 2510, the UE device may receive system information including a configuration index for Physical Random
Access Channel (PRACH), a cyclic shift value (Ncs) and a logical root number.
[0229] At 2520, if the first UE device is link budget limited, the UE device may perform a set of operations including
operations 2525-2540, as described below.
[0230] At 2525, the UE device may compute a first physical root number based on the logical root number. The first
physical root number may be different from a conventional physical root number corresponding to the logical root number.
[0231] At 2530, the UE device may generate a first set of Zadoff-Chu sequences based on the cyclic shift value and
one or more physical root numbers including the first physical root number.
[0232] At 2535, the UE device may randomly select one of the Zadoff-Chu sequences of the first set. Methods of
making a random selection from a set of objects are well known in the art of signal processing and applied mathematics.
[0233] At 2540, the UE device may transmit a first PRACH subframe that includes repetitions of the selected Zadoff-
Chu sequence. The first PRACH subframe is transmitted during a first radio frame.
[0234] In some embodiments, the first physical root number is a member of a reserved set of physical root numbers
that has been reserved for use only by UE devices that are link budget limited.
[0235] In some embodiments, the first physical root number is determined based on a predefined mapping of logical
root number to physical root number. The mapping may be agreed upon by the UE device and a base station.
[0236] In some embodiments, the first physical root number is computed from the logical root number using a fixed
formula that is known by base stations of a wireless network to which the UE device is subscribed.
[0237] In some embodiments, the number of Zadoff-Chu sequences in said first set is:
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less than or equal to 32; or
less than or equal to 24; or
less than or equal to 16; or
in the range [9,16]; or
in the range [10,14].

[0238] In some embodiments, the above-described set of operations also includes the action of selecting the first radio
frame so that its radio frame number is a multiple of a fixed integer greater than one, wherein the first integer is known
to base stations of a wireless network to which to the first UE device is subscribed.
[0239] In some embodiments, the above-described set of operations also includes transmitting one or more additional
PRACH subframes, wherein each of the one or more additional PRACH subframes includes repetitions of the selected
Zadoff-Chu sequence, wherein each of the one or more additional PRACH subframes occupies a conventionally-allowed
subframe of the first radio frame or a conventionally-allowed subframe of a second radio frame immediately following
the first radio frame, wherein the conventionally-allowed subframes are subframes conventionally allowed based on the
PRACH configuration index as defined in TS 36.211.
[0240] In some embodiments, the first set of Zadoff-Chu sequences is disjoint from the conventional set of 64 Zadoff-
Chu sequences as defined by TS 36.211 based on the logical sequence number and the cyclic shift value.
[0241] In one set of embodiments, a method 2600 for operating a base station may include the operations shown in
Figure 26. (The method 2600 may also include any subset of the features, elements and embodiments described above.)
The method 2600 may be performed to facilitate a random access procedure by a user equipment (UE) device that is
link budget limited. The operations may be performed by a processing agent of the base station, e.g., a processing agent
as variously described above.
[0242] At 2610, the base station may transmit system information including a configuration index for Physical Random
Access Channel (PRACH), a cyclic shift value (Ncs) and a logical root number.
[0243] At 2615, the base station may receive symbol data over two or more subframes that are consistent with the
PRACH configuration index.
[0244] At 2620, the base station may perform a correlation search process to determine whether the symbol data
includes repetitions of any Zadoff-Chu sequence from a first set of Zadoff-Chu sequences. The first set of Zadoff-Chu
sequences may be determined based on the cyclic shift value and one or more physical root numbers including a first
physical root number, where the first physical root number is different from a conventional physical root number corre-
sponding to the logical root number.
[0245] At 2625, in response to the correlation search process determining that the symbol data includes repetitions
of a particular Zadoff-Chu sequence of the first set, the base station may store in memory an indication that the UE
device is link budget limited.
[0246] In some embodiments, the two or more subframes occur in one or more consecutive radio frames.
[0247] In some embodiments, the first physical root number is a member of a reserved set of physical root numbers
that has been reserved for use only by UE devices that are link budget limited. In some embodiments, the above-
described one or more physical root numbers (of operation 2620) are members of a reserved set that has been reserved
for use only by link-budget-limited UE devices.
[0248] In some embodiments, the first physical root number is determined based on a predefined mapping of logical
root number to physical root number, wherein the mapping is agreed between UE device and the base station.
[0249] In some embodiments, the number of Zadoff-Chu sequences in said first set is:

less than or equal to 32; or
less than or equal to 24; or
less than or equal to 16; or
in the range [9,16]; or
in the range [10,14].

[0250] In some embodiments, the above-described action of receiving symbol data starts in first radio frame whose
frame number is a multiple of a fixed integer greater than one, wherein UE devices that are link budget limited are
configured to start transmitting PRACH information only in radio frames whose frame number is a multiple of the fixed
integer.
[0251] In some embodiments, the first set of Zadoff-Chu sequences is disjoint from the conventional set of 64 Zadoff-
Chu sequences as defined by TS 36.211 based on the logical sequence number and the cyclic shift value.
[0252] In some embodiments, the method 2600 may also include: in response to the indication that the UE device is
link budget limited, transmitting one or more messages of a random access procedure to the UE device using a lower
coding rate (or increased redundancy) than used for non-link-budget limited UE devices.



EP 3 425 990 A1

24

5

10

15

20

25

30

35

40

45

50

55

[0253] In some embodiments, the method 2600 may also include: in response to the indication that the UE device is
link budget limited, transmitting downlink payload data to the UE device using a lower coding rate (or increased redun-
dancy) than used for non-link-budget-limited UE devices.
[0254] In some embodiments, the link-budget-limited UEs use a reserved set of ZC sequences while UE devices that
are not link budget limited use a conventional set of ZC sequences for initiating random access (RACH), where the
reserved set and the conventional set are disjoint. Thus, the base station can determine whether a given RACH-initiating
UE is link budget limited or not by determining the set membership of the particular ZC sequence contained in the PRACH
preamble transmitted by the given UE. In one embodiment, the base station may be designed (or directed) to transmit
a PRACH configuration with HighSpeed flag set to FALSE. (The base station transmits the PRACH configuration to UE
devices in the cell.) Thus, legacy UE devices and non-link-budget-limited UE devices may initiate random access (RACH)
using the conventional set of sequences associated with HighSpeed flag = FALSE. (According to the 3GPP specifications,
the conventional set of sequences associated with HighSpeed flag = FALSE is generated using: cyclic shifts Cv corre-
sponding to the so-called "unrestricted sets", and the one or more physical root sequence numbers specified for the
case of unrestricted sets. However, the link-budget limited UE devices may be configured to disregard the False state
of the HighSpeed flag, and initiate random access using the high speed sequences, i.e., the sequences conventionally
associated with HighSpeed flag = TRUE. (According to the 3GPP specifications, the high speed sequences are generated
using: cyclic shifts Cv corresponding to the so-called "restricted sets", and the one more physical root sequence numbers
specified for the case of restricted sets.) In particular, a given link-budget-limited UE may signal its link budget limited
status to the base station by selecting one of the high speed sequences and initiating the random access procedure
using the selected sequence. (One or more copies of the selected sequence may be embedded in the PRACH preamble
transmitted by the link-budget-limited UE.) This use of a reserved set as a mechanism to signal link-budget-limited status
is agreed upon with the network (NW).
[0255] The following is an example of a PRACH configuration that may be used by the NW:

      prach-ConfigInfo
             {
             prach-ConfigIndex 5,
             highSpeedFlag FALSE,
             zeroCorrelationZoneConfig 12,
             prach-FreqOffset 4
            }

[0256] (Note that highSpeedFlag is off.) A wide variety of other configurations may be used as well.

Proposal to Improve Range

[0257] In some embodiments, the UE may repeat the same selected ZC sequence in one or more consecutive radio
frames, and, within each of those radio frames, over all the allowed subframes based on the PRACH configuration.
[0258] For example, suppose the eNB is signaling PRACH configuration 7. This implies (as shown in Figure 24) that
any device in the network can send a PRACH preamble on subframe 2 or subframe 7 of any radio frame.
[0259] Suppose that a link-budget-limited device needs to send four PRACH subframes for adequate detectability by
the eNB. Under PRACH configuration 7, this means that two radios frames will be required for the link-budget-limited
device to send its PRACH preamble, i.e., the first two PRACH subframes will be transmitted respectively in subframes
2 and 7 of a first radio frame, and the last two PRACH subframes will be transmitted respectively in subframes 2 and 7
of a second radio frame immediately following the first radio frame.
[0260] In order to decode and accumulate the PRACH, the eNB needs to know where the PRACH repetition has started.
[0261] In some embodiments, in order to simplify the scheme and not make any change to the SIB2, the link-budget-
limited device is constrained to start, e.g., only on subframe 2 of an even (or odd) radio frame, or more generally, only
on the first allowed subframe consistent with the signaled PRACH configuration.
[0262] In some embodiments, the link-budget-limited device may start in an even radio frame (for example, radio frame
12) and then finish in the next radio frame (radio frame 13). There is no ambiguity in that case for the eNB to decode
the PRACH transmitted by the link-budget-limited device.
[0263] In order to also reduce the processing load on eNB receiver, one proposal would be to make the link-budget-
limited device send (and start) its first PRACH subframe only if the radio frame number modulo 4 equals 0.
[0264] This limits impact on system capacity and load on eNB, but comes at a cost of latency for the UE.
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Repetition in Single Radio Frame

[0265] In some embodiments, the link-budget-limited UE device may transmit the PRACH preamble and one or more
temporal repetitions of the PRACH preamble in a single radio frame. The initial transmission of the PRACH preamble
and the one or more temporal repetitions may occur in consecutive available subframes of the single radio frame. For
example, in PRACH configuration 7, recall that the available subframes are 2 and 7. Thus, to allow room for the repetition
within a single radio frame, the initial transmission of the PRACH preamble may occur in the first available subframe,
i.e., in subframe 2 of the radio frame, and a single retransmission of the PRACH preamble may occur in subframe 7 of
the radio frame. Thus, the base station may perform accumulation of PRACH transmissions using the single subframe.

I. Robust PRACH Messaging Format for Link Budget Limited UE Devices

[0266] In one set of embodiments, a method for operating a user equipment (UE) device to facilitate a random access
procedure may include transmitting a first message including at least three instances of a Zadoff-Chu sequence, wherein
the first message is transmitted on a physical random access channel (PRACH) within a time-frequency resource space.
[0267] In some embodiments, the method may also include performing one or more retransmissions of the first mes-
sage, wherein said transmission and said one or more retransmissions occur according to a pattern of times determined
by configuration information transmitted by a first base station.
[0268] In some embodiments, the configuration information determines the pattern of times so that a first set of time-
frequency resources usable by the UE device to perform said transmission and said one or more retransmissions is
different from a second set of time-frequency resources usable by one or more other UE devices to transmit conventional
random access preambles, wherein each of the conventional random access preambles includes at most two instances
of a Zadoff-Chu sequence.
[0269] In some embodiments, the method may also include, when a handover of the UE from the first base station to
a second base station is being performed, receiving a master information block (MIB) from the second base station prior
to said transmitting the first message, wherein the MIB includes a system frame number associated with the second
base station, wherein the system frame number is used to determine when a time has arrived for performing said
transmitting the first message.
[0270] In some embodiments, the method may also include, when a handover of the UE from the first base station to
a second base station is being performed, determining when a time has arrived for performing said transmission of the
first message based on a system frame number received from the first base station, wherein the system frame number
is synchronized between the first base station and the second base station.
[0271] In some embodiments, the method may also include, when a handover of the UE from the first base station to
a second base station is being performed, receiving a radio resource control (RRC) information element transmitted by
the first base station, wherein the RRC information element includes a system frame number associated with the second
base station, wherein the system frame number is used to determine when a time has arrived for performing said
transmitting the first message.
[0272] In some embodiments, the above-described actions of transmitting the first message and said one or more
retransmissions are performed in response to stored information indicating that the UE is link budget limited.
[0273] In some embodiments, the action of transmitting the first message and said one or more retransmissions are
performed in response to the UE determining that the UE is operating in a link-budget-limited condition.
[0274] In some embodiments, the method may also include, prior to said transmitting the first message, receiving the
configuration information transmitted by the base station.
[0275] In some embodiments, the configuration information identifies the pattern of times from a predefined set of
timing patterns, wherein each of the timing patterns.
[0276] In some embodiments, the first message includes a plurality of sub-carriers for conveying said at least three
instances of the Zadoff-Chu sequence, wherein a spacing of the subcarriers is greater than 1.25kHz.
[0277] In some embodiments, the first message spans more than one subframe.
[0278] In some embodiments, the method may also include receiving a second message transmitted by a base station,
wherein the second message is transmitted by the base station in response to the base station successfully decoding
the first message.
[0279] In some embodiments, the second message is transmitted by the base station two or more times and/or with
lower coding rate.
[0280] In some embodiments, the second message is transmitted by the base station with a coding rate lower than
conventional random access response messages.
[0281] In some embodiments, the method may also include transmitting a third message to the base station in response
to successfully decoding the second message from the base station, wherein the third message is transmitted (a) with
lower coding data rate than conventional PUSCH messages and/or (b) repeatedly in time.
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[0282] In one set of embodiments, a method for operating a user equipment (UE) device may include transmitting a
physical random access channel (PRACH) according to any one of the enhanced formats described herein, wherein
said transmission of the PRACH according to said one of the enhanced format indicates to a base station (and/or to the
network) that the UE device is link budget limited.
[0283] In some embodiments, the base station modifies its resource assignment in DL and grant in UL such that
decoding of UL and DL messages are successful.
[0284] In some embodiments, the PRACH includes two or more segments spanning the same interval in time but
occupying different intervals in frequency.
[0285] In one set of embodiments, a method for operating a base station may include the following operations.
[0286] The method may include transmitting first configuration information for one or more link-budget-limited user
equipment (UE) devices, wherein each of the link-budget-limited UE devices is configured to transmit a random access
preamble and perform one or more retransmissions of the random access preamble, wherein the random access pre-
amble includes one or more instances of a Zadoff-Chu sequence, wherein the first configuration information indicates
a pattern of times for said transmission and said one or more retransmissions of the random access preamble.
[0287] The method may also include receiving said transmission of the random access preamble from a first of the
one or more UE devices to obtain a first data record,
[0288] The method may also include receiving said one or more retransmissions of the random access preamble from
the first UE device to obtain one or more additional data records.
[0289] The method may also include decoding the random access preamble based on the first data record and the
one or more additional data records.
[0290] In some embodiments, the method may also include transmitting second configuration information for one or
more UE devices that are not link budget limited, wherein each of the UE devices that are not link budget limited is
configured to transmit a second random access preamble based on timing identified by the second configuration infor-
mation, wherein the second random access preamble includes at most two instances of a Zadoff-Chu sequence.
[0291] In some embodiments, the first configuration information and the second configuration information are deter-
mined by the base station so that a first set of time-frequency resources usable by the first UE device to perform said
transmission and said one or more retransmissions of the random access preamble is different from a second set of
time-frequency resources usable by the one or more UE devices that are not link budget limited to transmit the second
random access preambles.
[0292] In some embodiments, the method may also include, in response to decoding the random access preamble,
transmitting a random access response to the first UE device, wherein the random access response is transmitted (a)
with lower coding rate than conventional random access responses and/or (b) using a plurality of repetitions in time.
[0293] In some embodiments, the method may also include receiving a message from the first UE device, wherein
the first UE device transmits the message after receiving the random access response, wherein the message is trans-
mitted with coding rate lower than normal PUSCH messages and/or with a plurality of repetitions in time.
[0294] In some embodiments, the first configuration information identifies the pattern of times from a predetermined
set of time patterns.
[0295] In some embodiments, the random access preamble includes at least three instances of the Zadoff-Chu se-
quence.
[0296] In some embodiments, the random access preamble includes a plurality of sub-carriers for conveying said at
least three instances of the Zadoff-Chu sequence, wherein a spacing of the subcarriers is greater than 1.25kHz.
[0297] In some embodiments, the random access preamble spans more than one subframe.
[0298] In one set of embodiments, a method for operating a base station may include the following operations. The
operations may be performed in order to facilitate random access by one or more link-budget-limited user equipment
(UE) devices. Each of the link-budget-limited UE devices is configured to transmit a random access preamble and
perform one or more retransmissions of the random access preamble, wherein the random access preamble includes
one or more instances of a Zadoff-Chu sequence (e.g., a Zadoff-Chu sequence randomly selected by the link-budget-
limited UE device). The base station and the one or more link-budget-limited UE devices may have previously agreed
upon a pattern of times (and/or other configuration features such as frequency hopping pattern) for said transmission
and said one or more retransmissions of the random access preamble. Thus, the pattern of times (and/or other config-
uration features) does not need to be signaled to the one or more link-budget-limited UE devices.
[0299] The operations may include receiving said transmission of the random access preamble from a first of the one
or more UE devices to obtain a first data record.
[0300] The operations may also include receiving said one or more retransmissions of the random access preamble
from the first UE device to obtain one or more additional data records.
[0301] The operations may also include decoding the random access preamble based on the first data record and the
one or more additional data records.
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II. Signaling by Sequence Set Selection, for Link Budget Limited UE Devices

[0302] In one set of embodiments, a method for operating a user equipment (UE) device to facilitate a random access
procedure may include: selecting a set from a plurality of sets of Zadoff-Chu sequences based on a measurement of
Doppler shift magnitude of UE relative to a base station, wherein identity of the selected set among the plurality of sets
is usable by a base station to determine a correlation accumulation method; and performing two or more transmissions
of a first message, wherein the first message includes one or more instances of a particular Zadoff-Chu sequence chosen
from the selected set.
[0303] In some embodiments, the two or more transmissions are performed with frequency hopping over a plurality
of time intervals, wherein different ones of the sets are associated with different patterns of frequency hopping.
[0304] In some embodiments, the two or more transmissions are performed according to one of a plurality of possible
repetition patterns in time, wherein different ones of the sets are associated with different ones of the repetitions patterns
in time.
[0305] In some embodiments, the correlation accumulation method is selected from a complex-valued accumulation
method and an energy accumulation method.
[0306] In one set of embodiments, a method for operating a user equipment (UE) device to facilitate a random access
procedure may include: selecting a set from a plurality of sets based on a measurement of Doppler shift magnitude of
UE relative to a base station, wherein each of the sets includes a plurality of Zadoff-Chu sequences, wherein different
ones of the sets have been assigned to different ranges of Doppler shift magnitude; and performing two or more trans-
missions of a first message, wherein the first message includes one or more instances of a particular Zadoff-Chu
sequence chosen from the selected set.
[0307] In some embodiments, the base station is configured to: (a) receive symbol data in response to the two or more
transmissions of the first message; (b) perform correlation processing on the symbol data to obtain information identifying
the particular Zadoff-Chu sequence and information identifying the selected set among the plurality of sets; (c) select a
correlation accumulation method from a complex-valued accumulation method and an energy accumulation method
based on the information identifying the selected set; and (d) accumulate two or more correlation sequences according
to the selected correlation accumulation method, wherein each of the two or more correlation sequences is generated
by correlation of a respective portion of the symbol data with the particular Zadoff-Chu sequence, wherein each of the
portions of the symbol data corresponds to a respective instance of the particular Zadoff-Chu sequence in one of the
two or more transmissions.
[0308] In some embodiments, each of the two or more transmissions occurs in a different time interval, wherein a first
of the transmissions in a first time interval occupies a first set of frequency resources, wherein a second of the trans-
missions in a second time interval occupies a second set of frequency resources different from the first set of frequency
resources.
[0309] In some embodiments, the two or more transmissions respectively occupy two or more distinct time intervals,
wherein frequency resources used to perform the two or more transmissions change from one the time intervals to the
next according to a particular one of a plurality of frequency hopping patterns, wherein each of the plurality frequency
hopping patterns is associated with a respective one of the plurality of sets.
[0310] In some embodiments, the base station is configured to: (a) receive symbol data in response to the two or more
transmissions of the first message; (b) perform correlation processing on subsets of the symbol data, wherein each of
the subsets of the symbol data corresponds to a respective one of the frequency hopping patterns, wherein the correlation
processing determines information identifying the particular Zadoff-Chu sequence and information identifying the selected
set among the plurality of sets of Zadoff-Chu sequences; (c) accumulate two or more correlation sequences generated
by correlating two or more respective portions of a particular subset of the symbol data with the particular Zadoff-Chu
sequence, wherein the particular subset of the symbol data is chosen based on the information identifying the selected
set of Zadoff-Chu sequences, wherein each of the two or more portions of the particular subset corresponds to a
respective instance of the particular Zadoff-Chu sequence in one of the two or more transmissions of the first message.
[0311] In some embodiments, the two or more transmissions are performed according to one of a plurality of repetition
patterns in time, wherein each of the repetition patterns in time is associated with a respective one of the sets of Zadoff-
Chu sequences.
[0312] In some embodiments, the base station is configured to: (a) receive symbol data in response to the two or more
transmissions of the first message; (b) perform correlation processing on subsets of the symbol data, wherein each of
the subsets corresponds to a respective one of the repetitions patterns in time, wherein the correlation processing
determines information identifying the particular Zadoff-Chu sequence and information identifying the selected set among
the plurality of sets of Zadoff-Chu sequences; and (c) accumulate two or more correlation sequences to obtain an
accumulated correlation sequence, wherein the two or more correlation sequences are generated by correlating two or
more respective portions of a particular subset of the symbol data with the particular Zadoff-Chu sequence, wherein the
particular subset of the symbol data is chosen based on the information identifying the selected set of Zadoff-Chu
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sequences, wherein each of the two or more respective portions corresponds to a respective instance of the particular
Zadoff-Chu sequence in one of the two or more transmissions of the first message.
[0313] In one set of embodiments, a method for operating a base station (to facilitate a random access procedure by
a user equipment device) may include the following operations.
[0314] The method may include receiving symbol data in response to two or more transmissions of a first message
from the UE device, wherein the UE device performs the two or more transmissions using a particular Zadoff-Chu
sequence chosen from one of a plurality of sets of Zadoff-Chu sequences.
[0315] The method may also include performing correlation processing on the symbol data to identify said one set to
which the particular Zadoff-Chu sequence belongs.
[0316] The method may also include accumulating correlation data records using an accumulation method, wherein
the accumulation method is selected from a complex-valued accumulation method or an energy accumulation method
based on the identity of said set.
[0317] In some embodiments, the UE device performs the two or more transmissions using frequency hopping over
a plurality of time intervals, wherein different ones of the sets are associated with different patterns of frequency hopping.
In these embodiments, the base station operating method may also include determining the frequency hopping pattern
based on the identity of said set.
[0318] In some embodiments, the UE device performs the two or more transmissions according to one or a plurality
of possible repetitions patterns in time, wherein different ones of the sets are associated with different repetition patterns
in time. In these embodiments, the base station operating method may also include determining the repetition pattern
based on the identity of said set.
[0319] In some embodiments, the correlation accumulation method is selected from a complex-valued accumulation
method and an energy accumulation method.
[0320] In one set of embodiments, a method for operating a base station (to facilitate a random access procedure by
a user equipment device) may include the following operations.
[0321] The method may include receiving symbol data in response to two or more transmissions of a first message
from the UE device, wherein the first message includes one or more instances of a particular Zadoff-Chu sequence,
wherein the particular Zadoff-Chu sequence has been chosen by the UE device from a selected one of a plurality of
sets of Zadoff-Chu sequences, wherein each of the sets corresponds to a different range of magnitude of Doppler shift
of the UE device relative to the base station.
[0322] The method may also include performing correlation processing on the symbol data to determine information
identifying the particular Zadoff-Chu sequence and information identifying the selected set among the plurality of sets.
[0323] The method may also include selecting a correlation accumulation method from a complex-valued accumulation
method and an energy accumulation method based on the information identifying the selected set.
[0324] The method may also include accumulating two or more correlation sequences according to the selected
correlation accumulation method, wherein each of the two or more correlation sequences is generated by correlation of
a respective portion of the symbol data with the particular Zadoff-Chu sequence, wherein each of the portions of the
symbol data corresponds to a respective instance of the particular Zadoff-Chu sequence in one of the two or more
transmissions.
[0325] In some embodiments, each of the two or more transmissions occurs in a different time interval, wherein a first
of the transmissions in a first time interval occupies a first set of frequency resources, wherein a second of the trans-
missions in a second time interval occupies a second set of frequency resources different from the first set of frequency
resources.
[0326] In some embodiments, the two or more transmissions respectively occupy two or more distinct time intervals,
wherein frequency resources used to perform the two or more transmissions change from one the time intervals to the
next according to a particular one of a plurality of frequency hopping patterns, wherein each of the plurality frequency
hopping patterns is associated with a respective one of the plurality of sets.
[0327] In some embodiments, the base station operating method may also include: (a) receiving symbol data in
response to the two or more transmissions of the first message; (b) performing correlation processing on subsets of the
symbol data, wherein each of the subsets of the symbol data corresponds to a respective one of the frequency hopping
patterns, wherein the correlation processing determines information identifying the particular Zadoff-Chu sequence and
information identifying the selected set among the plurality of sets of Zadoff-Chu sequences; and (c) accumulating two
or more correlation sequences generated by correlating two or more respective portions of a particular subset of the
symbol data with the particular Zadoff-Chu sequence, wherein the particular subset of the symbol data is chosen based
on the information identifying the selected set of Zadoff-Chu sequences, wherein each of the two or more portions of
the particular subset corresponds to a respective instance of the particular Zadoff-Chu sequence in one of the two or
more transmissions of the first message.
[0328] In some embodiments, the two or more transmissions are performed according to one of a plurality of repetition
patterns in time, wherein each of the repetition patterns in time is associated with a respective one of the sets of Zadoff-
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Chu sequences.
[0329] In some embodiments, the base station operating method may also include: (a) receiving symbol data in
response to the two or more transmissions of the first message; (b) performing correlation processing on subsets of the
symbol data, wherein each of the subsets corresponds to a respective one of the repetitions patterns in time, wherein
the correlation processing determines information identifying the particular Zadoff-Chu sequence and information iden-
tifying the selected set among the plurality of sets of Zadoff-Chu sequences; and (c) accumulating two or more correlation
sequences to obtain an accumulated correlation sequence, wherein the two or more correlation sequences are generated
by correlating two or more respective portions of a particular subset of the symbol data with the particular Zadoff-Chu
sequence, wherein the particular subset of the symbol data is chosen based on the information identifying the selected
set of Zadoff-Chu sequences, wherein each of the two or more respective portions corresponds to a respective instance
of the particular Zadoff-Chu sequence in one of the two or more transmissions of the first message.
[0330] In some embodiments, the first message includes two instances of the particular Zadoff-Chu sequence.

III. Repeated PRACH Instances Transmitted over Consecutive Subframes

[0331] In one set of embodiments, a method for operating a first user equipment device (to facilitate a random access
procedure when the first UE device is link budget limited) may include transmitting a plurality of instances of a Physical
Random Access Channel (PRACH) over a plurality of consecutive subframes to a base station, with each of the con-
secutive subframes including a corresponding one of the PRACH instances.
[0332] In some embodiments, resource blocks used by the first UE device to transmit a first of the PRACH instances
in a first of the consecutive subframes are disjoint from resource blocks used by a second UE device to transmit a
conventional PRACH subframe, wherein the second UE device is not link budget limited.
[0333] In some embodiments, resource blocks used by the first UE device to transmit a first of the PRACH instances
in a first of the consecutive subframes at least partially overlap with resource blocks used by a second UE device to
transmit a conventional PRACH subframe, wherein the second UE device is not link budget limited, wherein the first UE
device and the second UE device are each configured to randomly select a corresponding ZC root for PRACH trans-
mission. (Thus, the independently selected ZC roots are likely to be sufficiently orthogonal for unique identification at
the base station.)
[0334] In some embodiments, the method also includes receiving system information (e.g., as part of SIB2) that
indicates the number of said consecutive subframes.
[0335] In some embodiments, the number of said successive subframes is fixed, and known by the first UE device
and the base station.
[0336] In some embodiments, wherein resource blocks used by the first UE device to transmit a PRACH instance hop
in the frequency domain from one of the consecutive subframes to the next.
[0337] In some embodiments, a hopping pattern according to which the resource blocks hop in the frequency domain
is fixed and known by the first UE device and the base station.
[0338] In some embodiments, the method may also include receiving system information (e.g., as part of SIB2) iden-
tifying a hopping pattern to be used to perform said hopping in the frequency domain.
[0339] In one set of embodiments, a method for operating a base station (to facilitate a random access procedure by
a user equipment device) may include: receiving symbol data in response to a transmission of a plurality of instances
of a PRACH by the UE device, wherein the plurality of PRACH instances are transmitted over a plurality of consecutive
subframes, wherein each of the plurality of consecutive subframes contains a corresponding one of the PRACH instances;
and performing correlation processing on the symbol data to determine which Zadoff-Chu (ZC) sequence from a set of
available ZC sequences is included in the plurality of PRACH instances, wherein said correlation processing accumulates
correlation data over the plurality of consecutive subframes.
[0340] In some embodiments, resource blocks used by the first UE device to transmit a first of the PRACH instances
in a first of the consecutive subframes are disjoint from resource blocks used by a second UE device to transmit a
conventional PRACH subframe, wherein the second UE device is not link budget limited.
[0341] In some embodiments, resource blocks used by the first UE device to transmit a first of the PRACH instances
in a first of the consecutive subframes at least partially overlap with resource blocks used by a second UE device to
transmit a conventional PRACH subframe, wherein the second UE device is not link budget limited, wherein the first UE
device and the second UE device are each configured to randomly select a corresponding ZC root for PRACH trans-
mission.

IV. Transmission of PRACH Instances After Conventional PRACH Preamble

[0342] In one set of embodiments, a method for operating a first user equipment (UE) device (to facilitate a random
access procedure) may include the following operations.
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[0343] If the first UE device is link budget limited, the first UE device may perform operations including: transmitting
a first set of one or more instances of a Physical Random Access Channel (PRACH) respectively over a first set of one
or more consecutive subframes, wherein said transmitting the first set of one or more PRACH instances is performed
according to a conventional format for transmission of PRACH; and transmitting a second set of one or more instances
of the PRACH respectively over a second set of one or more consecutive subframes starting immediately after a last
subframe of the first set of one or more subframes, wherein each of the one or more PRACH instances of the first set
and each of the one or more PRACH instances of the second set use the same Zadoff-Chu sequence.
[0344] In some embodiments, the method may also include, prior to said transmitting the first set of one or more
PRACH instances, receiving system information (e.g., in SIB2) from a base station, wherein the system information
indicates at least the conventional format. (The "conventional format" may, e.g., be a format specified by 3GPP TS 36.211.)
[0345] In some embodiments, the conventional format is a fixed format known to a base station serving the UE device.
[0346] In some embodiments, the conventional format corresponds to PRACH format 0 of 3GPP TS 36.211, wherein
the first set of one or more subframes includes only one subframe.
[0347] In some embodiments, the conventional format corresponds to PRACH format 2 of 3GPP TS 36.211, wherein
the first set of one or more subframes includes exactly two subframes.
[0348] In some embodiments, a PRACH configuration (e.g., number of PRACH-containing resource blocks, number
of ZC sequence repetitions, ZC sequence length) for each subframe of the first set and for each subframe of the second
set is identical.
[0349] In one set of embodiments, a method for operating a first user equipment device (to facilitate a random access
procedure) may include the following actions. If the first UE device is link budget limited, the first UE device may perform
operations including: transmitting a first set of one or more consecutive subframes including a first Physical Random
Access Channel (PRACH), wherein the first PRACH is transmitted according to a conventional format for PRACH
transmission; and transmitting a second set of one or more consecutive subframes containing one or more repetitions
of the first PRACH, wherein the second set of one or more subframes starts immediately after a last subframe of the
first set of one or more subframes, wherein each of the one or more PRACH repetitions uses the same Zadoff-Chu
sequence as the first PRACH.
[0350] In one set of embodiments, a method for operating a base station (to facilitate a random access procedure by
a user equipment device) may include the following operations.
[0351] The method may include receiving a first symbol data set in response to a first transmission by the UE device,
wherein the first transmission includes a first set of one or more instances of a Physical Random Access Channel
(PRACH) respectively over a first set of one or more consecutive subframes, wherein said first transmission is performed
according to a conventional format for transmission of PRACH.
[0352] The method may also include receiving a second symbol data set in response to a subsequent transmission
by the UE device, wherein the subsequent transmission includes a second set of one or more consecutive subframes
starting immediately after a last subframe of the first set of one or more subframes.
[0353] The method may also include performing correlation processing on a union of the first symbol data set and the
second symbol data set to determine if the second set of one or more consecutive subframes contains one or more
PRACH instances in addition to the first set of one or more PRACH instances, wherein the one or more additional PRACH
instances, if present, are assumed to use to the same ZC sequence as the one or more PRACH instances of the first set.
[0354] The method may also include, in response to determining that the second set of one or more consecutive
subframes contains one or more PRACH instances in addition to the first set of one or more PRACH instances, storing
in memory an indication that the UE device is link budget limited.
[0355] In some embodiments, the method may also include, prior to the above-described action of receiving the first
symbol data set, transmitting system information that indicates at least the conventional format.
[0356] In some embodiments, the conventional format is a fixed format known to the base station.
[0357] In some embodiments, the method also includes, in response to the indication that the UE device is link budget
limited, transmitting one or more messages of a random access procedure to the UE device using a lower coding rate
(or increased redundancy) than used for non-link-budget limited UE devices.
[0358] In some embodiments, the method also includes, in response to the indication that the UE device is link budget
limited, transmitting downlink payload data to the UE device using a lower coding rate (or increased redundancy) than
used for non-link-budget limited UE devices.
[0359] In one set of embodiments, a method for operating a base station (to facilitate a random access procedure by
a user equipment device) may include the following operations.
[0360] The method may include receiving a first symbol data set in response to a first transmission by the UE device,
wherein the first transmission is a transmission of a first set of one or more consecutive subframes including a first
Physical Random Access Channel (PRACH), wherein said first PRACH is transmitted according to a conventional format
for PRACH transmission.
[0361] The method may also include receiving a second symbol data set in response to a subsequent transmission
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by the UE device, wherein the subsequent transmission is a transmission of a second set of one or more consecutive
subframes, wherein the second set of one or more consecutive subframes starts immediately after a last subframe of
the first set of one or more subframes.
[0362] The method may also include performing correlation processing on a union of the first symbol data set and the
second symbol data set to determine if the second set of one or more consecutive subframes contains one or more
repetitions of the first PRACH, wherein the one or more repetitions of the first PRACH, if present, are assumed to use
to the same Zadoff-Chu sequence as the first PRACH.
[0363] The method may also include, in response to determining that the second set of one or more consecutive
subframes contains one or more repetitions of the first PRACH, storing in memory an indication that the UE device is
link budget limited.

V. Reserved Logical Root Sequence Numbers for the Link-Budget-Limited Devices

[0364] In one set of embodiments, a method for operating a first user equipment device (to facilitate a random access
procedure) may include the following actions.
[0365] The method may include receiving system information including a configuration index for Physical Random
Access Channel (PRACH), a cyclic shift value (Ncs) and a logical root number.
[0366] If the first UE device is link budget limited, the method may also include performing operations including: (a)
computing a first physical root number based on the logical root number, wherein the first physical root number is different
from a conventional physical root number corresponding to the logical root number; (b) generating a first set of Zadoff-
Chu sequences based on the cyclic shift value and one or more physical root numbers including the first physical root
number; (c) randomly selecting one of the Zadoff-Chu sequences of the first set; and (d) transmitting a first PRACH
subframe that includes repetitions of the selected Zadoff-Chu sequence, wherein the first PRACH subframe is transmitted
during a first radio frame.
[0367] In some embodiments, the first physical root number is a member of a reserved set of physical root numbers
that has been reserved for use only by UE devices that are link budget limited.
[0368] In some embodiments, the first physical root number is determined based on a predefined mapping of logical
root number to physical root number, wherein the mapping is agreed between UE device and a base station.
[0369] In some embodiments, the first physical root number is computed from the logical root number using a fixed
formula that is known by base stations of a wireless network to which the UE device is subscribed.
[0370] In some embodiments, the number of Zadoff-Chu sequences in said first set is: less than or equal to 32; or
less than or equal to 24; or less than or equal to 16; or in the range [9,16]; or in the range [10,14].
[0371] In some embodiments, the above-described operations may also include selecting the first radio frame so that
its radio frame number is a multiple of a fixed integer greater than one, wherein the first integer is known to base stations
of a wireless network to which to the first UE device is subscribed.
[0372] In some embodiments, the operations also include transmitting one or more additional PRACH subframes,
wherein each of the one or more additional PRACH subframes includes repetitions of the selected Zadoff-Chu sequence,
wherein each of the one or more additional PRACH subframes occupies a conventionally-allowed subframe of the first
radio frame or a conventionally-allowed subframe of a second radio frame immediately following the first radio frame,
wherein the conventionally-allowed subframes are subframes conventionally allowed based on the PRACH configuration
index as defined in TS 36.211.
[0373] In some embodiments, the first set of Zadoff-Chu sequences is disjoint from the conventional set of 64 Zadoff-
Chu sequences as defined by TS 36.211 based on the logical sequence number and the cyclic shift value.
[0374] In one set of embodiments, a method for operating a base station (to facilitate a random access procedure by
a user equipment device) may include the following operations.
[0375] The method may include transmitting system information including a configuration index for Physical Random
Access Channel (PRACH), a cyclic shift value (Ncs) and a logical root number.
[0376] The method may also include receiving symbol data over two or more subframes that are consistent with the
PRACH configuration index.
[0377] The method may also include performing a correlation search process to determine whether the symbol data
includes repetitions of any Zadoff-Chu sequence from a first set of Zadoff-Chu sequences, wherein the first set of Zadoff-
Chu sequences is determined based on the cyclic shift value and one or more physical root numbers including a first
physical root number, wherein the first physical root number is different from a conventional physical root number
corresponding to the logical root number.
[0378] The method may also include, in response to said correlation search process determining that the symbol data
includes repetitions of a particular Zadoff-Chu sequence of the first set, storing in memory an indication that the UE
device is link budget limited.
[0379] In some embodiments, the two or more subframes occur in one or more consecutive radio frames.
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[0380] In some embodiments, the first physical root number is a member of a reserved set of physical root numbers
that has been reserved for use only by UE devices that are link budget limited.
[0381] In some embodiments, the first physical root number is determined based on a predefined mapping of logical
root number to physical root number, wherein the mapping is agreed between UE device and the base station.
[0382] In some embodiments, the number of Zadoff-Chu sequences in said first set is: less than or equal to 32; or
less than or equal to 24; or less than or equal to 16; or in the range [9,16]; or in the range [10,14].
[0383] In some embodiments, wherein the above-described action of receiving symbol data starts in first radio frame
whose frame number is a multiple of a fixed integer greater than one, wherein UE devices that are link budget limited
are configured to start transmitting PRACH information only in radio frames whose frame number is a multiple of the
fixed integer.
[0384] In some embodiments, the first set of Zadoff-Chu sequences is disjoint from the conventional set of 64 Zadoff-
Chu sequences as defined by TS 36.211 based on the logical sequence number and the cyclic shift value.
[0385] In some embodiments, the method may also include, in response to the indication that the UE device is link
budget limited, transmitting one or more messages of a random access procedure to the UE device using a lower coding
rate (or increased redundancy) than used for non-link-budget limited UE devices.
[0386] In some embodiments, the method may also include, in response to the indication that the UE device is link
budget limited, transmitting downlink payload data to the UE device using a lower coding rate (or increased redundancy)
than used for non-link-budget-limited UE devices.
[0387] Embodiments of the present invention may be realized in any of various forms. For example, in some embod-
iments, the present invention may be realized as a computer-implemented method, a non-transitory computer-readable
memory medium, or a computer system. In other embodiments, the present invention may be realized using one or
more custom-designed hardware devices such as ASICs. In other embodiments, the present invention may be realized
using one or more programmable hardware elements such as FPGAs.
[0388] In some embodiments, a non-transitory computer-readable memory medium may be configured so that it stores
program instructions and/or data, where the program instructions, if executed by a computer system, cause the computer
system to perform a method, e.g., any of a method embodiments described herein, or, any combination of the method
embodiments described herein, or, any subset of any of the method embodiments described herein, or, any combination
of such subsets.
[0389] In some embodiments, a device (e.g., a UE or a base station) may be configured to include a processor (or a
set of processors) and a memory medium, where the memory medium stores program instructions, where the processor
is configured to read and execute the program instructions from the memory medium, where the program instructions
are executable to implement any of the various method embodiments described herein (or, any combination of the
method embodiments described herein, or, any subset of any of the method embodiments described herein, or, any
combination of such subsets). The device may be realized in any of various forms.
[0390] In some embodiments, an integrated circuit may be configured to perform any of the various method embodi-
ments described herein (or, any combination of the method embodiments described herein, or, any subset of any of the
method embodiments described herein, or, any combination of such subsets). The integrated circuit may be realized in
any of various forms.
[0391] Although the embodiments above have been described in considerable detail, numerous variations and mod-
ifications will become apparent to those skilled in the art once the above disclosure is fully appreciated. It is intended
that the following claims be interpreted to embrace all such variations and modifications.
[0392] Further embodiments:

1. A method for operating a user equipment (UE) device to facilitate a random access procedure, the method
comprising:
transmitting a first message including at least three instances of a Zadoff-Chu sequence, wherein the first message
is transmitted on a physical random access channel (PRACH) within a time- frequency resource space.
2. The method of embodiment 1, further comprising:
performing one or more retransmissions of the first message, wherein said transmission and said one or more
retransmissions occur according to a pattern of times determined by configuration information transmitted by a first
base station.
3. The method of embodiment 2, wherein said transmitting the first message and said one or more retransmissions
are performed in response to the UE determining that the UE is operating in a link-budget-limited condition.
4. The method of embodiment 1, wherein the first message spans more than one subframe.
5. A method for operating a base station, the method comprising:

perform operations in order to facilitate random access by one or more link-budget-limited user equipment (UE)
devices, wherein each of the link-budget-limited UE devices is configured to transmit a random access preamble
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and perform one or more retransmissions of the random access preamble, wherein the random access preamble
includes one or more instances of a Zadoff-Chu sequence, wherein the operations include:

receiving said transmission of the random access preamble from a first of the one or more
UE devices to obtain a first data record;
receiving said one or more retransmissions of the random access preamble from the first UE device to
obtain one or more additional data records;
decoding the random access preamble based on the first data record and the one or
more additional data records.

6. The method of embodiment 5, further comprising:

transmitting first configuration information for the one or more link-budget-limited user equipment (UE) devices,
wherein the first configuration information indicates a pattern of times for said transmission and said one or
more retransmissions of the random access preamble; and/or
transmitting second configuration information for one or more UE devices that are not link budget limited, wherein
each of the UE devices that are not link budget limited is configured to transmit a second random access
preamble based on timing identified by the second
configuration information, wherein the second random access preamble includes at most two instances of a
Zadoff-Chu sequence.

7. The method of embodiment 5, further comprising:
in response to decoding the random access preamble, transmitting a random access response to the first UE device,
wherein the random access response is transmitted (a) with lower coding rate than conventional random access
responses and/or (b) using a plurality of repetitions in time.
8. A method for operating a first user equipment (UE) device to facilitate a random access procedure when the first
UE device is link budget limited, the method comprising:
transmitting a plurality of instances of a Physical Random Access Channel (PRACH) over a plurality of consecutive
subframes to a base station, with each of the consecutive subframes including a corresponding one of the PRACH
instances.
9. The method of embodiment 8, wherein resource blocks used by the first UE device to transmit a first of the PRACH
instances in a first of the consecutive subframes are disjoint from resource blocks used by a second UE device to
transmit a conventional PRACH subframe, wherein the second UE device is not link budget limited.
10. The method of embodiment 8, wherein resource blocks used by the first UE device to transmit a first of the
PRACH instances in a first of the consecutive subframes at least partially overlap with resource blocks used by a
second UE device to transmit a conventional PRACH subframe, wherein the second UE device is not link budget
limited, wherein the first UE device and the second UE device are each configured to randomly select a corresponding
ZC root for PRACH transmission.
11. The method of embodiment 8, wherein resource blocks used by the first UE device to transmit a PRACH instance
hop in the frequency domain from one of the consecutive subframes to the next.
12. A method for operating a base station to facilitate a random access procedure by a user equipment (UE) device,
the method comprising:

receiving symbol data in response to a transmission of a plurality of instances of a PRACH by the UE device,
wherein the plurality of PRACH instances are transmitted over a plurality of consecutive subframes, wherein
each of the plurality of consecutive subframes contains a corresponding one of the PRACH instances;
performing correlation processing on the symbol data to determine which Zadoff-Chu (ZC) sequence from a
set of available ZC sequences is included in the plurality of PRACH instances, wherein said correlation processing
accumulates correlation data over the plurality of consecutive subframes.

13. The method of embodiment 12, wherein resource blocks used by the first UE device to transmit a first of the
PRACH instances in a first of the consecutive subframes are disjoint from resource blocks used by a second UE
device to transmit a conventional PRACH subframe, wherein the second UE device is not link budget limited.
14. The method of embodiment 12, wherein resource blocks used by the first UE device to transmit a first of the
PRACH instances in a first of the consecutive subframes at least partially overlap with resource blocks used by a
second UE device to transmit a conventional PRACH subframe, wherein the second UE device is not link budget
limited, wherein the first UE device and the second UE device are each configured to randomly select a corresponding
ZC root for PRACH transmission.
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15. A method for operating a first user equipment (UE) device to facilitate a random access procedure, the method
comprising:
if the first UE device is link budget limited, performing operations including:

transmitting a first set of one or more instances of a Physical Random Access Channel (PRACH) respectively
over a first set of one or more consecutive subframes, wherein
said transmitting the first set of one or more PRACH instances is performed according to a conventional format
for transmission of PRACH;
transmitting a second set of one or more instances of the PRACH respectively over a second set of one or more
consecutive subframes starting immediately after a last subframe of the first set of one or more subframes,
wherein each of the one or more PRACH instances of the first set and each of the one or more PRACH instances
of the second set use the same Zadoff-Chu sequence.

16. The method of embodiment 15, further comprising:

prior to said transmitting the first set of one or more PRACH instances, receiving system information from a
base station, wherein the system information indicates at least the conventional format.

17. The method of embodiment 15, wherein a PRACH configuration for each subframe of the first set and for each
subframe of the second set is identical.
18. A method for operating a base station to facilitate a random access procedure by a user equipment (UE) device,
the method comprising:

receiving a first symbol data set in response to a first transmission by the UE device,
wherein the first transmission includes a first set of one or more instances of a Physical Random Access Channel
(PRACH) respectively over a first set of one or more consecutive subframes, wherein said first transmission is
performed according to a conventional format for transmission of PRACH; and
receiving a second symbol data set in response to a subsequent transmission by the UE device, wherein the
subsequent transmission includes a second set of one or more consecutive subframes starting immediately
after a last subframe of the first set of one or more subframes;
performing correlation processing on a union of the first symbol data set and the second symbol data set to
determine if the second set of one or more consecutive subframes contains one or more PRACH instances in
addition to the first set of one or
more PRACH instances, wherein the one or more additional PRACH instances, if present, are assumed to use
to the same ZC sequence as the one or more PRACH instances of the first set. in response to determining that
the second set of one or more consecutive subframes contains one or more PRACH instances in addition to
the first set of one or more PRACH instances, storing in memory an indication that the UE device is link budget
limited.

19. The method of embodiment 18, further comprising:
prior to said receiving the first symbol data set, transmitting system information that indicates at least the conventional
format.
20. The method of embodiment 18, wherein the conventional format is a fixed format known to the base station.
21. The method of embodiment 18, further comprising:
in response to the indication that the UE device is link budget limited, transmitting one or more messages of a
random access procedure to the UE device using a lower coding rate than used for non-link-budget limited UE devices.
22. The method of embodiment 18, further comprising:
in response to the indication that the UE device is link budget limited, transmitting downlink payload data to the UE
device using a lower coding rate than used for non-link-budget limited UE devices.
23. A method for operating a first user equipment (UE) device to facilitate a random access procedure, the method
comprising:

receiving system information including a configuration index for Physical Random Access
Channel (PRACH), a cyclic shift value (Ncs) and a logical root number;
if the first UE device is link budget limited, performing operations including:

computing a first physical root number based on the logical root number, wherein the first physical root
number is different from a conventional physical root number corresponding to the logical root number;
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generating a first set of Zadoff-Chu sequences based on the cyclic shift value and one or
more physical root numbers including the first physical root number;
randomly selecting one of the Zadoff-Chu sequences of the first set; transmitting a first PRACH sub frame
that includes repetitions of the selected Zadoff-Chu sequence,
wherein the first PRACH subframe is transmitted during a first radio frame.

24. The method of embodiment 23, wherein the first physical root number is a member of a reserved set of physical
root numbers that has been reserved for use only by UE devices that are link budget limited.
25. The method of embodiment 23, wherein the first physical root number is determined based on a predefined
mapping of logical root number to physical root number, wherein the mapping is agreed between UE device and a
base station.
26. The method of embodiment 23, wherein the first physical root number is computed from the logical root number
using a fixed formula that is known by base stations of a wireless network to which the UE device is subscribed.
27. A method for operating a base station to facilitate a random access procedure by a user equipment (UE) device,
the method comprising:

transmitting system information including a configuration index for Physical Random Access Channel (PRACH),
a cyclic shift value (Ncs) and a logical root number;
receiving symbol data over two or more subframes that are consistent with the PRACH configuration index;
performing a correlation search process to determine whether the symbol data includes repetitions of any Zadoff-
Chu sequence from a first set of Zadoff-Chu sequences, wherein the first set of Zadoff-Chu sequences is
determined based on the cyclic shift value and one or more physical root numbers including a first physical root
number, wherein the first physical root number is different from a conventional physical root number corre-
sponding to the logical root number;
in response to said correlation search process determining that the symbol data includes repetitions of a particular
Zadoff-Chu sequence of the first set, storing in memory an indication that the UE device is link budget limited.

28. The method of embodiment 27, wherein the two or more subframes occur in one or more consecutive radio frames.
29. The method of embodiment 27, wherein said receiving symbol data starts in first radio frame whose frame
number is a multiple of a fixed integer greater than one, wherein UE devices that are link budget limited are configured
to start transmitting PRACH information only in radio frames whose frame number is a multiple of the fixed integer.
30. The method of embodiment 27, wherein the first set of Zadoff-Chu sequences is disjoint from the conventional
set of Zadoff-Chu sequences as defined by TS 36.211 based on the logical sequence number and the cyclic shift
value.

Claims

1. A method for operating a base station, the method comprising:

performing operations in order to facilitate random access by one or more link-budget-limited user equipment
(UE) devices, wherein each of the link-budget-limited UE devices is configured to transmit a random access
preamble and perform one or more retransmissions of the random access preamble as part of a single random
access attempt, wherein the random access preamble includes one or more instances of a Zadoff-Chu sequence,
wherein said performing the operations include:

transmitting first configuration information for the one or more link-budget-limited user equipment (UE)
devices, wherein the first configuration information indicates a transmission pattern for said transmission
of the random access preamble and said one or more retransmissions of the random access preamble;
receiving the transmission of the random access preamble from a first of the one or
more UE devices to obtain a first data record;
receiving the one or more retransmissions of the random access preamble from the first UE device to obtain
one or more additional data records;
detecting the random access preamble based on the first data record and the one or
more additional data records.

2. The method of claim 1, wherein the first configuration information indicates a number of the one or more retrans-
missions of the random access preamble.
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3. The method of claim 1, wherein the first configuration information indicates an inter-transmission time spacing for
the transmission and the one or more retransmissions of the random access preamble.

4. The method of claim 1, wherein the first configuration information indicates at least in part a frequency hopping
pattern for the transmission and the one or more retransmissions of the random access preamble.

5. The method of claim 1, wherein the operations also include:

broadcasting system information, wherein the system information indicates a number of said one or more
retransmissions of the random access preamble.

6. The method of claim 1, further comprising:

transmitting second configuration information for one or more UE devices that are not link budget limited, wherein
each of the UE devices that are not link budget limited is configured to transmit a second random access
preamble based on timing identified by the second configuration information, wherein the second random access
preamble includes at most two instances of a Zadoff-Chu sequence.

7. The method of claim 1, wherein resource blocks used by the first UE device to transmit a first of the PRACH instances
are disjoint from resource blocks used by a second UE device to transmit a PRACH instance, wherein the second
UE device is not link budget limited.

8. The method of claim 1, further comprising:

in response to detecting the random access preamble, transmitting a random access response to the first UE
device, wherein the random access response is transmitted (a) with lower coding rate than conventional random
access responses and/or (b) using a plurality of repetitions in time.

9. A base station configured to implement the method of any of claims 1-8.

10. A method for operating a first user equipment (UE) device to facilitate a random access procedure, the method
comprising:

when the first UE device is link budget limited:

receiving first configuration information from a base station, wherein the first configuration information
indicates a transmission pattern for transmitting a random access preamble and one or more retransmissions
of the random access preamble;
as part of a single random access attempt, transmitting the random access preamble and the one or more
retransmissions of the random access preamble according to the transmission pattern.

11. The method of claim 10, wherein resource blocks used by the first UE device to perform said transmitting the random
access preamble are disjoint from resource blocks used by a second UE device to transmit a second random access
preamble, wherein the second UE device is not link budget limited.

12. The method of claim 10, wherein the first configuration information indicates:

the number of the one or more retransmissions of the random access preamble; and/or
an inter-transmission time spacing for the transmission and the one or more retransmissions of the random
access preamble.

13. The method of claim 10, wherein the first configuration information indicates at least in part a frequency hopping
pattern for said transmitting the random access preamble and the one or more retransmissions of the random access
preamble.

14. The method of claim 10, further comprising:

receiving a broadcast of system information from the base station, wherein the system information indicates a
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number of the one or more retransmissions of the random access preamble.

15. A user equipment device (UE) configured to implement any of claims 10-14.
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