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(54) Two stage leakage cancellation in full duplex communication

(57) There is provided a receiver for wireless com-
munications. The receiver comprises a first leakage can-
celler operable to receive an RF signal comprising a de-
sired signal component and a leakage signal component,
and to suppress the leakage signal component using a
first leakage cancellation mechanism to provide a mod-
ulated output signal comprising the desired signal com-

ponent and a residual leakage signal component; and a
second leakage canceller operable to receive the mod-
ulated output signal, and to cancel the residual leakage
component in the modulated output signal using a sec-
ond leakage cancellation mechanism to provide the de-
sired signal.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to a receiver and a method of signal cancellation and more particularly, but not
exclusively to a receiver for use in wireless communications in which transmission and reception occur in the same
bandwidth, and to a method of leakage signal cancellation in wireless communications in which transmission and reception
occur in the same bandwidth.

BACKGROUND OF THE INVENTION

[0002] Increasing demand for wireless multimedia services is driving strong growth in wireless data traffic. This is
causing increasing demand for the useful part of the wireless spectrum, which is becoming ever more limited and
expensive. As a result cellular operators have a high interest in utilizing the available spectrum as efficiently as possible.
[0003] Some different approaches that aim to increase the efficiency of spectrum use are for example small cells,
multiple-input and multiple-output (MIMO) antennas, and better coding and modulation techniques.
[0004] Another proposed way of increasing spectral efficiency is to receive and transmit signals in the same frequency
bands of operation. This is sometimes called full duplex communications and differs fundamentally from standard com-
munications in which different frequency bands are used for transmission and reception. The main challenge in designing
a transceiver that enables full duplex communication, is the need to cancel leakage reflections of transmit signals at the
receiver. Interference cancellation algorithms can be used in digital domain, however as both the receiver and transmitter
are using the same frequency band, very high values of transmit leakage/reflections (self-interference) may saturate the
receiver chain. Therefore, currently impractical ADC resolution will be required in order to perform the interference
cancellation using algorithms in the digital domain.
[0005] It is therefore desirable to provide a way of increasing spectral efficiency. It is further desirable to provide an
improved receiver and method of leakage signal cancellation for full duplex wireless communications in which transmis-
sion and reception occur in the same bandwidth.

SUMMARY OF THE INVENTION

[0006] According to a first aspect of the invention, there is provided a receiver for wireless communications, comprising:
a first leakage canceller operable to receive an RF signal comprising a desired signal component and a leakage signal
component, and to suppress the leakage signal component using a first leakage cancellation mechanism to provide a
modulated output signal comprising the desired signal component and a residual leakage signal component; and a
second leakage canceller operable to receive the modulated output signal, and to cancel the residual leakage component
in the modulated output signal using a second leakage cancellation mechanism to provide the desired signal. The
receiver may be for use in wireless communications in which transmission and reception occur in the same bandwidth.
[0007] The first interference canceller may be an analogue leakage canceller, the second leakage canceller may be
a digital leakage canceller and the receiver may further comprise: a first analog-to-digital converter operable to receive
the modulated output signal from the first analogue leakage canceller and to convert the modulated output signal to a
first digital signal and provide the first digital signal as input to the second digital leakage canceller.
[0008] The first leakage canceller may be a modulated wideband leakage canceller and the first leakage cancellation
mechanism may be a modulated wideband leakage cancellation algorithm.
[0009] The receiver may further comprise a second analog-to-digital converter operable to convert the modulated
output signal from the modulated wideband leakage canceller to a second digital signal and provide the second digital
signal for use in the modulated wideband leakage cancellation algorithm.
[0010] The modulated wideband leakage canceller may comprise a plurality of tunable mixers. The wideband leakage
cancellation algorithm may comprise estimating modulated wideband waveforms to approximate a phase shift for each
of the plurality of tunable mixers.
[0011] The modulated wideband leakage canceller may comprise a summation unit operable to combine the outputs
of the plurality of tunable mixers to provide the modulated output signal.
[0012] The digital leakage canceller may be operable to estimate a channel matrix between the transmission path and
reception path in the receiver, the channel matrix representing the residual leakage in the digital signal.
[0013] The digital leakage canceller may be operable to estimate the channel matrix based on an impulse response
of the channel using a training interval and a pilot sequence. The channel matrix may represent the channel from the
transmit path to the digital leakage canceller.
[0014] The digital leakage canceller may be operable to re-construct the residual leakage signal based on the estimated
channel matrix, and provide the desired signal by subtracting a re-constructed residual leakage signal from the digital
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signal.
[0015] The RF signal may further comprise an interference component from nearby radios and/or a noise component
and the second leakage canceller may be operable to provide the desired signal by subtracting the interference component
and/or noise component from the digital signal.
[0016] The RF signal may further comprise a jamming signal component and the first leakage canceller may be
operable to suppress the jamming signal component.
[0017] The receiver according may further comprise an antenna operable to transmit and receive RF signals, and a
circulator operable to provide RF signals for transmission to the antenna on a transmission path, and operable to provide
RF signals received by the antenna to the first leakage canceller on a reception path.
[0018] According to a second aspect of the invention, there is provided a method of leakage signal cancellation in
wireless communications, the method comprising: receiving an RF signal comprising a desired signal component and
leakage signal component; suppressing the leakage signal component using a first leakage cancellation mechanism to
provide a modulated output signal comprising the desired signal component and a residual leakage signal component;
and suppressing the residual leakage component in the digital signal using a second leakage cancellation mechanism
to provide the desired signal component.
[0019] According to a third aspect of the invention, there is provided a computer program product operable when
executed on a computer to perform the method of the above second aspect. Further particular and preferred aspects
of the invention are set out in the accompanying independent and dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Some embodiments of the apparatus and/or methods in accordance with embodiment of the present invention
are now described, by way of example only, with reference to the accompanying drawings, in which:

Figure 1 schematically shows the causes of transmitter leakage into the receive path of a receiver;

Figure 2 schematically shows a receiver of an embodiment;

Figure 3 schematically shows the modulated wideband leakage canceller of Figure 2;

Figure 4 shows the simulated SINR leakage suppression of the modulated wideband leakage canceller of Figure 3
as function of ADC resolution; and

Figure 5 shows the power levels, leakage suppression and dynamic range of the receiver of Figures 2 and 3.

DESCRIPTION OF EMBODIMENTS

[0021] In existing wireless communication schemes in which transmission and reception occur in different bandwidths,
such as in frequency division duplex (FDD) and in time division duplex (TDD), the transmit and receive signals can be
easily separated in the transceiver either using filters or switches. In a FDD systems, the required isolation or suppression
of transmitter signal leakage into the receiver is achieved by a duplex-filter and further filtering in the radio, for example
by IF-filters, digital filters or the like. In TDD systems the required isolation or suppression of transmitter signal leakage
into the receiver is achieved by receiving or transmitting at different time slots.
[0022] However, in full duplex wireless communications, transmission and reception occur simultaneously re-using
the same bandwidth and the approaches used for FDD and TDD systems cannot be used when transmitting and receiving
at the same time at the same frequency. In full duplex wireless communications, the transmit signal may be in the order
of 120 dB stronger than the received signals. Also, during transmission, a significant fraction of the transmitted energy
may be leaked into the receiver by direct leakage, PCB surface waves, reflections at the antenna, or reflections from
the immediate environment. Further, at the receiver, the dynamic range of the signal, that is the received signal plus the
leakage from transmitter signal may exceed the capabilities of current analog to digital converters. In full duplex wireless
communication, separation of the transmit and receive signals is therefore a major consideration
[0023] Figure 1 schematically shows a receiver 100 and the causes of transmitter leakage into the receive path of the
receiver 100. The receiver 100 comprises a transmission path and a receive path. The transmission path comprises a
digital-to-analogue converter (DAC) 102 coupled to a mixer/multiplier 104, a low pass filter 106, an amplifier 108 and a
filter 110. The receive path comprises a multiplier 112 coupled to an ADC 114. The transmission and receive path are
coupled together by a circulator 116.
[0024] Signals for transmission pass from the DAC 102 along the transmission path, through the circulator 116, through
the filter 118 and are transmitted by antenna 120. Desired signals are received by antenna 120, pass through the filter
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118, through the circulator 116 and along the receive path.
[0025] As can be seen in Figure 1, leakage between the transmitter path and the receiver path in the transceiver has
several sources. Firstly, there is leakage into the receive path caused by coupling within the transceiver itself, caused
by coupling through the printed circuit board (PCB), which may be in the form of PCB surface waves. Secondly, there
is leakage into the receive path caused by the finite isolation of the circulator 116. Thirdly, there is leakage into the
receive path caused by coupling from the antenna 120, either due to the input return loss of the antenna or through
reflections of the transmitted signal from objects in front of the antenna which reflect part of the transmitted signal back
to the antenna 120 back into the receiver path.
[0026] In order to enable decoding of the received signal, it is necessary to achieve isolation between the desired
received signal and the unwanted leakage of the transmit signal into the receiver.
[0027] Figure 2 schematically shows a receiver 200 according to an embodiment. The receiver 200, like the receiver
100 of Figure 1 comprises a transmission path comprising a DAC 202, which receives digital signal from transmission
that is coupled to a multiplier 204, an amplifier 208 and filters 206 & 210. The receive path of the receiver 200 of Figure
2 differs from that of receiver 100 of Figure 1, in that a two-stage leakage cancellation is performed in the receive path
to cancel the unwanted leakage of the transmit signals.
[0028] The receive path comprises a modulated wideband leakage canceller (MWIC) 212 coupled to a first ADC 214
via a first low noise amplifier 216 and a second ADC 218 via a second low noise amplifier 220. In the embodiment shown
in Figure 2, the first ADC 214 is a lower resolution ADC the second ADC 218.
[0029] The digitized output of the lower resolution ADC 214 is fed back to the MWIC 212 via a modulated wideband
converter estimation algorithm unit 222. The output of the higher resolution ADC 218 is passed to a digital leakage
canceller (DIC) 224 and a leakage channel estimation unit 226. The DIC 224 receives signals from the leakage channel
estimation unit 226 and is notified of the digital signal for transmission so that it has knowledge of the transmitted signal.
[0030] The transmission and receive path are coupled together by a circulator 228. Signals for transmission pass from
the DAC 202 along the transmission path, through the circulator 228, through the filter 230 and are transmitted by antenna
232. Signals are received by antenna 232, pass through the filter 230, through the circulator 228 and along the receive
path, where leakage signals are cancelled from the received signals as will now be described.
[0031] In receiver 200, after a first separation of transmit and receive signal by circulator 228 a first stage of coarse
leakage suppression is performed in the analog RF domain on the received signals in order to substantially reduce the
leakage component signals. Then, the received signals are digitized and a second leakage cancellation stage in the
digital domain removes the residual leakage signal. By first performing coarse leakage suppression in the RF domain,
saturation of the low noise amplifier 220 can be prevented, and lower resolution ADC can be used than if the entire
leakage suppression were to be performed in the digital domain.
[0032] The leakage suppression in the analog RF domain is achieved using the MWIC 212, which comprises a bank
of tunable mixers, also referred to as a bank of modulated wideband converters (MWC), as will be described in relation
to Figure 3. The digital interference cancellation is achieved by the DIC 224 using channel estimation, re-creation of the
leakage signal based on known transmitted signal, followed by subtraction of the leakage signal.
[0033] It is possible to estimate the MWC coefficients for coarse leakage cancellation, and the residual leakage signal
for digital cancellation, as the transmitted signal is known and the received signal is digitized at lower resolution not
covering the full dynamic range. This required dynamic range is usually determined by the dynamic range of the analog-
to-digital-converter (ADC) and to a lesser extent by the dynamic range of the LNA. The amount of signal energy that
finds its way from the transmitter path into the receiver path should be low enough such that the receiver is not saturated
and enough dynamic range is available to correctly sample the signal corresponding to the desired user.
[0034] The analog leakage signal suppression in the RF domain will now be described in more detail with reference
to Figure 3, which schematically shows the MWIC 212 of Figure 2. Elements that are the same as in Figure 2 share the
same reference numbers.
[0035] In order to suppress the leakage signal, which is a combination of all leakage effects like return loss from the
antenna, leakage through the circulator, surface waves in the printed circuit board as shown in Figure 1, a MWIC 212
comprising a bank of tunable mixers is used in a first leakage cancellation stage. Such an arrangement is used in the
context of the receiver operating at frequencies below the Nyquist rates.
[0036] MWIC 212 comprises a bank of tunable mixers or modulated wideband converters (MWC). Each MWC com-
prises an input signal path x1(t) to xN(t), a multiplier 3021 to 302N, a filter 3041 to 304N and an output signal path. The
output signal paths of the MWCs are coupled to a summation unit 306, which is operable to sum the outputs of the
MWCs. The MWC estimation algorithm unit 222 is operable to estimate MWC coefficients and transmit these to the
multipliers 3021 to 302N of the MWCs, as will be described below. The MWC coefficients may be estimated in order to
minimize the means squared error (MMSE) between the transmitted signal and its leakage estimate by using a MMSE
algorithm. As shown in Figure 3, the receive path signals r(t) are modulated and combined using the MWCs. These
modulating waveforms are designed to suppress the leakage signal. It is important to note that the receiver has knowledge
of the leakage signal properties.
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[0037] The multipliers 3021 to 302N may be wideband synthesizers, such as the ADF4350 synthesizer supplied by
Analog Devices (RTM) or any other suitable devices.
[0038] By using the MWCs, phase tapering of the different MWC branches can be achieved followed by their combining,
which may be considered to be similar to a beamforming operation, which can suppress the leakage signal. This phase
tapering is achieved using the MWC waveforms (pi(t),1 ≤ i ≤ N) provided by the MWC estimation algorithm unit 222,
followed by a bandpass filtering and combining. More specifically, the MWC waveform is estimated such that the first
harmonic of pi(t) achieves the desired phase tapering. Subsequently, combining all the phase tapered branches in the
MWC leads to the suppression of the leakage signal. Details of the MWC estimation algorithms that adaptively estimates
pi is explained below.
[0039] The objective of this first leakage suppression scheme is to make sure that the signal levels at the MWC outputs
do not saturate the subsequent LNA and the ADCs. The MWC outputs are subsequently down-converted and digitized
to perform the next stage of digital interference cancellation in the DIC 224. As can be seen in Figure 4, simulation results
show that for a narrowband full duplex communications, leakage suppression of around 60 dB can be achieved using
an 8 tap MWIC 212 and an ADC resolution of 10 bits. From Figure 4, it is important to note that the MWIC is a coarse
interference canceller and that the MWIC output contains residual leakage ~>30dB than the desired signal at the receiver.
This residual ~>30dB leakage is suppressed by the DIC 224.
[0040] The MWC waveforms pi(t) may be chosen from a dictionary of existing waveforms, with specific phase and
frequency offsets. The estimation of the corresponding waveforms is done in the digital domain and may be adaptively
updated or initialized at the start of communications. As will be appreciated, the complexity of estimation techniques is
negligible when compared to that of the overall system.
[0041] Referring back to Figure 3, let the signal at the beginning of receive chain be r(t), and this signal is divided into
N signals, using the MWC setup as x(t) = [x1 (t),.....xN(t)]. This signal contains the leakage interferer i(t) as well as the
signals s(t) from the receive antenna containing desired signal, other radio interferers and noise. In other words, x(t) =
s(t) + i(t).
[0042] One approach to suppress the leakage is to design an interference canceller θ = [θ1,....θN] such that it allows

all the signals except those signals corresponding to transmit leakage. Since we know the properties of the leakage

signal, a phase shifter can be designed to satisfy the following function:  such that E||θTi(t)||2 = 0

where Rx corresponds to autocorrelation of x(t).

[0043] The above cost function is a modification of the generalized sidelobe canceller (GSC). GSC approaches are
usually used in the digital domain to cancel signals from a strong interferer. However, the modified GSC in this embodiment
is redesigned for a MWC analog situation in order to suppress the interferer before the signal reaches the LNA.
[0044] For this reason, the modulated wideband waveforms (MWW) pi(t) are estimated to approximate a phase shift
operation θi for 1 ≤ i ≤ N at the frequency of receiver signals x(t). This can be implemented by choosing pi(t) such that
the first harmonic of the Fourier transform of pi(t) will approximate to θi.
[0045] Hence the problem of suppressing the interferer is transformed to a problem of choosing a MWW such that: 

[0046] Where F1{.} corresponds to the first harmonic of any sequence and obtained using discrete Fourier transform
operation. The tunable mixer outputs are low pass filtered and combined to obtain the leakage suppressed signal z(t)
as shown in Figure 3: 

[0047] Note that this signal is digitized and contains the desired user signal (s0(t)) and some residual components of
the interferer and noise (si(t)), the final stage of digital interference cancellation and equalization will cancel the residual
leakage component.
[0048] For the calculation of the MWC coefficients, it is necessary for signal to be digitized. However, as this digitization
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is needed before the interference has been completely suppressed or cancelled, a normal resolution ADC cannot be
used, because to use a normal resolution ADC for conversion before the MWC is optimized, will cause LNA saturation.
In the embodiment of Figures 2 and 3, this issue is resolved by using the lower resolution ADC 214 to provide digital
signals for the MWC parameter optimization. In other words, the ADC feeding the MWC estimation algorithm unit 222
may not cover the full dynamic range, but only the part of the range the analog suppression is trying to address. Also in
Figures 2 and 3, a lower sensitivity LNA 216 may also be used when compared to the LNA 220. The LNA 216 may be
less sensitive in order to be able to pass the signal through the MWC parameter estimation 222 when the MWC is not
yet configured to operate or is not optimized. By using a lower sensitivity LNA 216 and a lower resolution ADC 214, this
allows the MWC parameters to be optimized while LNA saturation is avoided.
[0049] Another way of preventing LNA saturation, would be to de-sensitize the LNA input until the MWC filter compo-
nents are optimized, and then switch to normal operation. It should be noted that this approach may be used in addition
to using the lower resolution ADC 214 of Figure 2 and 3 to supply digital signals for the MWC parameter optimization.
It should also be noted that this approach may be used with only a single LNA and ADC combination that is used to
provide both digital signals for the MWC parameter optimization and digital signals for the DIC 224.
[0050] By performing the coarse analog leakage suppression before the analog-to-digital conversion by ADC 218, the
dynamic range of the signal at ADC 218 can be brought within the dynamic range of currently available ADCs and LNAs.
[0051] Another advantage of performing a first leakage cancellation stage in the analog domain is reduced energy
consumption, since the signal that needs to be subtracted does not need to be re-created.
[0052] After the analog-to-digital conversion, a second leakage cancellation is applied in the digital domain to remove
the residual leakage component. The signal from the ADC 218 is provided to the input of the DIC 224. This signal may
be written as: 

where
s is the transmitted signal.
H represents the channel matrix between transmission and reception path representing all remaining leakage, reflections,
etc. Please note that H depends on the analog leakage suppression, so if the MWC parameters are changed, H needs
to be reestimated.
a is the wanted uplink signal.
l is the interference from other mobiles and base stations.
n is the noise.
[0053] The channel matrix H may be generated based on the impulse response of the channel, which can be obtained
using a training interval and a pilot sequence using known techniques. Since both s and H are known, the residual
leakage sH can be calculated and subtracted from the signal.
[0054] Assuming a high quality estimate of H, this leaves us with 

[0055] After the leakage cancellation we are left with the wanted received signal component a, interference (from other
users and base stations) component l, and noise n.
[0056] This is very similar compared to the received signal in current wireless communication, with the difference that
the interference l consists of additional parts originating from the additional transmissions from other devices. The
received signal can now be processed using known methods to recover the desired received signal.
[0057] Figure 5 shows an illustrative example of the power levels of leakage suppression for the receivers of Figure
2 and 3. Consider a signal comprising a desired component and a large leakage signal component is received by the
receiver. On passing though the circulator 228, the leakage component is suppressed by 25dB. On passing through the
MWIC 212, the leakage component is further suppressed by 58dB. On passing through the DIC 224, the leakage
component is suppressed by 41 dB, leaving the desired signal component for downstream processing.
[0058] Also, as can be seen from Figure 5, the dynamic range of the ADC 214 (ADC(1)) does not cover the entire
dynamic range of the interference signals. The dynamic range of the ADC 214 cover only the portion of the interference
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signals that are to be suppressed in the MWIC 212. This enables the dynamic range of the ADC 218 (ADC(2)) to be
sufficient to cover the remainder of the interference signal for suppression in the DIC 224.
[0059] As can be seen from the above, by using a first leakage signal cancellation step in the analogue domain and
then a second analogue cancellation step in the digital domain, the leakage signal from the transmitter can be suppressed
in the receiver, thereby allowing efficient full duplex wireless communications in which transmission and reception occur
in the same bandwidth.
[0060] Another consideration is what happens to the dynamic range and resolution of ADCs in the presence of a strong
interferer. For example, consider a scenario where there is a strong interferer due to the transmitter with power Pi, in
addition to the desired signal Ps (Ps <<Pi) at the ADC input.
[0061] Assuming a sinusoidal input signal with Gaussian distrubution and allocating sufficient dynamic range to such

that less than 5 % of the signal plus interferer signals are clipped,  where Aamp is the peak amplitude

of a Gaussian distributed signal input at the ADC.
[0062] Applying the Lloyd-Max quantization expression for a bandlimited system with width B and sampling at a
frequency Fs, the quantization noise energy PQ is: 

[0063] In typical receivers, the ADCs are typically designed to provide a signal to quantization noise ratio of SNRr=10
dB i.e. PQ = Ps10-SNR

r
/10. Introducing this relation in the above expression and approximating Pi ≈ Pi + Ps we get: 

[0064] In addition, the spurious free dynamic response (SFDR) with sinusoidal signals must be taken into account, as
well as non-linear effects due to aperture jitter and capacitance noise, with an additional allocation of 1.5 bits needed to
achieve the required SNR.
[0065] The following two examples illustrate the dynamic range and ADC resolution required to achive desired per-
formance in a small cell network scenario and a macro cell scenario.

Example 1: Small cell network

[0066]

• Input signals reflected at the receive antennas.

• The resultant signal consists of transmit signals from direct and reflected paths.
Transmit leakage cancellation provides -65 dB suppression of the self-interfering signal. This consists of
• Power level of the self-interferer at the ADC (Pi) : -69.5 dBm
• Noise floor: ∼-114dBm ->

Signal reconstruction requirement: desired user signal should be 10-20 dB above noise floor

⇒ i.e. Ps ∼-100 dBm and minimum signal to interference ratio 

Transmit power: +20 dBm
Direct leakage (after circulator) -5 dBm
Reflections (worst case) -24dBm (free-space pathloss for 2 meter: -44dB)

Resultant transmit signal -4.5 dBm.
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⇒ Required signal plus interferer to ADC quantization noise ratio: 

[0067] Thus the effective resolution assuming linear ADC operation is 8 bits and accounting for non-linearities (+2
bits) leads us to ADC requirements of 10 bits to achieve desired signal to noise ratio (SNR) receiver performance.

Example 2: Macro-cell scenario

[0068]

• Power level of the self-interferer at the ADC (Pi) : -50 dBm
• Noise floor ∼-110dBm ->

⇒ Signal reconstruction requirement: desired user signal should be 10 dB above noise floor

⇒ i.e. Ps ∼-100 dBm and minimum signal to interference ratio 

[0069] Required signal plus interferer to ADC quantization noise ratio: 

Calculating the effective resolution using Lloyd Max quantizer expression, the effective resolution required, assuming
linear ADC operation, is 12 bits and accounting non-linearities (- 2 bits) leads us to ADC requirements of 14 bits to
achieve desired SNR.

[0070] Let us now consider a universal mobile telecommunications system (UMTS) transmission technique for com-
munication with a chip rate of 3.84 Msps. In this case, the ADC must be sampled at 7.68 Msps. State of art ADCs such
as successive approximation pipelined and sigma delta ADCs can achieve an effective resolution greater than 14 bits.
[0071] Although the above describes the use of the leakage signal cancellation in embodiments in which transmission
and reception occur in the same bandwidth, it should be appreciated that the interference suppression/cancellation
method may be equally applicable to any scenario that need not have transmission and reception in the same bandwidth,
but in which a large interference signal may be present. One embodiment in which the above signal cancellation method
may be used, is in the presence of a jamming signal. If a jamming signal is received along with a desired received signal
at the antenna, the analog canceller may suppress the jamming signal component to provide a modulated output signal
comprising the desired signal component and a residual leakage signal component. The digital canceller may receive
the modulated output signal, and may suppress the residual leakage component in the modulated output signal to
produce the desired signal. In this embodiment, it is not necessary that the transmission and reception are occurring in
the same bandwidth. Also, the analog and digital cancellers are cancelling the jamming signal rather than a leakage signal.
[0072] The present inventions may be embodied in other specific apparatus and/or methods. The described embod-
iments are to be considered in all respects as only illustrative and not restrictive. In particular, the scope of the invention
is indicated by the appended claims rather than by the description and figures herein. All changes that come within the
meaning and range of equivalency of the claims are to be embraced within their scope.

Claims

1. A receiver for wireless communications, comprising:

Transmit power 10W (= 40 dBm).
Transmit power: 40 dBm
Direct leakage (finite circulator isolation) +15 dBm
Reflections (worst case) -4dBm (free-space pathloss for 2 meter: 44dB)
Resultant transmit signal ∼+15 dBm.
Transmit leakage cancellation provides -65 dB suppression
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a first leakage canceller operable to receive an RF signal comprising a desired signal component and a leakage
signal component, and to suppress the leakage signal component using a first leakage cancellation mechanism
to provide a modulated output signal comprising the desired signal component and a residual leakage signal
component; and
a second leakage canceller operable to receive the modulated output signal, and to cancel the residual leakage
component in the modulated output signal using a second leakage cancellation mechanism to provide the
desired signal.

2. A receiver according to claim 1, wherein the receiver is for use in wireless communications in which transmission
and reception occur in the same bandwidth.

3. A receiver according to claim 1 or 2, wherein the first interference canceller is an analogue leakage canceller, the
second leakage canceller is a digital leakage canceller and the receiver further comprises:

a first analog-to-digital converter operable to receive the modulated output signal from the first analogue leakage
canceller and to convert the modulated output signal to a first digital signal and provide the first digital signal
as input to the second digital leakage canceller.

4. A receiver according to claim 3, wherein the first leakage canceller is a modulated wideband leakage canceller and
the first leakage cancellation mechanism is a modulated wideband leakage cancellation algorithm.

5. A receiver according to claims 4, wherein the receiver further comprises:

a second analog-to-digital converter operable to convert the modulated output signal from the modulated wide-
band leakage canceller to a second digital signal and provide the second digital signal for use in the modulated
wideband leakage cancellation algorithm.

6. A receiver according to claim 4 or 5, wherein the modulated wideband leakage canceller comprises a plurality of
tunable mixers, wherein the wideband leakage cancellation algorithm comprises estimating modulated wideband
waveforms to approximate a phase shift for each of the plurality of tunable mixers.

7. A receiver according to claim 6, wherein the modulated wideband leakage canceller comprises a summation unit
operable to combine the outputs of the plurality of tunable mixers to provide the modulated output signal.

8. A receiver according to any of claims 2 to 7, wherein the digital leakage canceller is operable to estimate a channel
matrix between the transmission path and reception path in the receiver, the channel matrix representing the residual
leakage in the digital signal.

9. A receiver according to claim 8, wherein the digital leakage canceller is operable to estimate the channel matrix
based on an impulse response of the channel using a training interval and a pilot sequence, wherein the channel
matrix represents the channel from the transmit path to said digital leakage canceller.

10. A receiver according to claim 8 or 9, wherein the digital leakage canceller is operable to re-construct the residual
leakage signal based on the estimated channel matrix, and provide the desired signal by subtracting a re-constructed
residual leakage signal from the digital signal.

11. A receiver according to any preceding claim, wherein the RF signal further comprises an interference component
from nearby radios and/or a noise component and the second leakage canceller is operable to provide the desired
signal by subtracting the interference component and/or noise component from the digital signal.

12. A receiver according to any preceding claim, wherein the RF signal further comprises a jamming signal component
and the first leakage canceller is operable to suppress the jamming signal component.

13. A receiver according to any preceding claim, further comprising:

an antenna operable to transmit and receive RF signals; and
a circulator operable to provide RF signals for transmission to the antenna on a transmission path, and operable
to provide RF signals received by the antenna to the first leakage canceller on a reception path.
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14. A method of leakage signal cancellation in wireless communications, the method comprising:

receiving an RF signal comprising a desired signal component and leakage signal component;
suppressing the leakage signal component using a first leakage cancellation mechanism to provide a modulated
output signal comprising the desired signal component and a residual leakage signal component; and
suppressing the residual leakage component in the digital signal using a second leakage cancellation mechanism
to provide the desired signal component.

15. A computer program product operable when executed on a computer to perform the method of claim 14.

Amended claims in accordance with Rule 137(2) EPC.

1. A receiver (200) for wireless communications, comprising:

an analogue leakage canceller (212) operable to receive an RF signal (x(t)) comprising a desired signal com-
ponent and a leakage signal component, and to suppress the leakage signal component using a first leakage
cancellation mechanism (222) to provide a modulated output signal (z(t)) comprising the desired signal com-
ponent and a residual leakage signal component;
a digital leakage canceller (224) operable to receive the modulated output signal (z(t)), and to cancel the residual
leakage component in the modulated output signal (z(t)) using a second leakage cancellation mechanism (224)
to provide the desired signal; and
a first analog-to-digital converter (218) operable to receive the modulated output signal (z(t)) from the analogue
leakage canceller (212) and to convert the modulated output signal (z(t)) to a first digital signal and provide the
first digital signal as input to the digital leakage canceller (224);
wherein the analogue leakage canceller (212) is a modulated wideband leakage canceller and the first leakage
cancellation mechanism (222) is a modulated wideband leakage cancellation algorithm.

2. A receiver according to claim 1, wherein the receiver (200) is for use in wireless communications in which trans-
mission and reception occur in the same bandwidth.

3. A receiver according to claim 1 or 2, wherein the receiver (200) further comprises:

a second analog-to-digital converter (214) operable to convert the modulated output signal (z(t)) from the mod-
ulated wideband leakage canceller (212) to a second digital signal and provide the second digital signal to the
first leakage cancellation mechanism (222) for use in the modulated wideband leakage cancellation algorithm.

4. A receiver according to claim 1, 2 or 3, wherein the modulated wideband leakage canceller (212) comprises a
plurality of tunable mixers (3021-302N, 3041-304N), wherein the wideband leakage cancellation algorithm (222)
comprises estimating modulated wideband waveforms to approximate a phase shift for each of the plurality of tunable
mixers (3021-302N, 3041-304N).

5. A receiver according to claim 4, wherein the modulated wideband leakage canceller comprises a summation unit
(306) operable to combine the outputs of the plurality of tunable mixers (3021-302N, 3041-304N) to provide the
modulated output signal (z(t)).

6. A receiver according to any of claims 2 to 5, wherein the digital leakage canceller (224) is operable to estimate
a channel matrix between the transmission path and reception path in the receiver(200), the channel matrix repre-
senting the residual leakage in the digital signal.

7. A receiver according to claim 6, wherein the digital leakage canceller (224) is operable to estimate the channel
matrix based on an impulse response of the channel using a training interval and a pilot sequence, wherein the
channel matrix represents the channel from the transmit path to said digital leakage canceller (224).

8. A receiver according to claim 6 or 7, wherein the digital leakage canceller (224) is operable to re-construct the
residual leakage signal based on the estimated channel matrix, and provide the desired signal by subtracting a re-
constructed residual leakage signal from the digital signal.
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9. A receiver according to any preceding claim, wherein the RF signal (x(t)) further comprises an interference
component from nearby radios and/or a noise component and the digital leakage canceller is operable to provide
the desired signal by subtracting the interference component and/or noise component from the digital signal.

10. A receiver according to any preceding claim, wherein the RF signal (x(t)) further comprises a jamming signal
component and the analogue leakage canceller (212) is operable to suppress the jamming signal component.

11. A receiver according to any preceding claim, further comprising:

an antenna (232) operable to transmit and receive RF signals (x(t)); and
a circulator (228) operable to provide RF signals for transmission to the antenna (232) on a transmission path
(Tx), and operable to provide RF signals (x(t)) received by the antenna (232) to the analogue leakage canceller
on a reception path (Rx).

12. A method of leakage signal cancellation in wireless communications, the method comprising:

receiving an RF signal (x(t)) comprising a desired signal component and leakage signal component at an
analogue leakage canceller (212);
suppressing the leakage signal component using an analogue leakage cancellation mechanism (222) to provide
a modulated output signal (z(t)) comprising the desired signal component and a residual leakage signal com-
ponent;
receiving the modulated output signal (z(t)) at a first analog-to-digital converter (218) and converting the mod-
ulated output signal (z(t)) to a first digital signal; and
suppressing the residual leakage component in the digital signal using a digital leakage cancellation mechanism
(226) to provide the desired signal component;
wherein the analogue leakage canceller (212) is a modulated wideband leakage canceller and the first leakage
cancellation mechanism (222) is a modulated wideband leakage cancellation algorithm.

13. A computer program product operable when executed on a computer to perform the method of claim 12.



EP 2 814 184 A1

12



EP 2 814 184 A1

13



EP 2 814 184 A1

14



EP 2 814 184 A1

15



EP 2 814 184 A1

16

5

10

15

20

25

30

35

40

45

50

55



EP 2 814 184 A1

17

5

10

15

20

25

30

35

40

45

50

55


	bibliography
	abstract
	description
	claims
	drawings
	search report

