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METHODS AND SYSTEMS FOR FULL DUPLEX WIRELESS COMMUNICATIONS

BACKGROUND OF THE INVENTION

[0001] The present invention relates generally to full duplex wireless communication, and

more specifically to transmission and reception of information in the same frequency channel at

the same time.

[0002] Prior art wireless networks such as 802.1 la/b/g/n were designed for half duplex

radios which limit the efficiency of bandwidth utilization and throughput, and increase the

complexity of networking protocols. To achieve full duplex wireless communication, prior art

wireless networks generally use separate frequency channels for transmitting and receiving.

which increases the bandwidth requirement and reduces bandwidth efficiency.

[0003] Full duplex wireless networking capable of transmitting and receiving at the same

time over the same frequency channel is highly desired because of its many advantages at both

the physical layer and the MAC layer. An attempt was made to do so, as discussed in Jung II

Choic, Mayank Jain, Kannan Srinivasan. Philip Levis. Sachin Katti, ''Achieving Single Channel,

Full Duplex Wireless Communication." Proceedings of the Sixteenth Annual International

Conference on Mobile Computing and Networking, (MobiCom Ί 0). (Sept. 20-24, 2010), the

disclosure of which is incorporated by reference. In the attempt, use was made of a combination

of an RF noise cancellation chip QHx220 by Quellan, antenna cancellation by positioning two

antennas with half-wavelength distance difference, and prior art digital interference cancellation.

but failed to achieve acceptable results. Two possible reasons for this failure include that the

QHx220 chip's design is based on phase-shifting and attenuating a sample of the transmitted

signal to cancel out the transmitted signal at the receiving antenna. It is basically a linear vector

modulator. The QHx220 noise canceller chip has an input pin that is connected to the



transmitter's output to sample the transmitted RF analog signal. It shifts the phase and changes

the amplitudes of the sampled signal to minimize the transmitted signal component in the

received signal at the receiving antenna. The design principle of the QHx220 chip therefore

limits its application to narrow band signals because it is difficult to achieve π shift for all

frequency components in a wide band signal. In addition, by positioning two transmitting

antennas whose distances to the receiving antenna having a difference of half-wavelength λ/2

can only effectively cancel out signals at the center frequency with the wavelength λ.

BRIEF SUMMARY OF THE INVENTION

[0004] Aspects of the invention relate to full duplex wireless communications. One aspect of

the invention provides a method useful for full duplex radio communications, comprising:

transmitting a training signal by a node in a radio network: extracting a waveform from a

version of the training signal obtained from a receive chain of the node; generating a cancellation

signal using the waveform: and applying the cancellation signal to the receive chain of the node.

[0005] Another aspect of the invention provides a radio node, comprising: a transmit chain

for transmitting a signal; a receive for receiving a signal; and cancellation elements including:

waveform extraction circuitry coupled to the receive chain, the waveform extractor circuitry

configured to extract a first basis waveform from information of a signal from the receive chain;

memory for storing information of the first basis waveform: and waveform generation circuitry

coupled to the memory and the receive chain, the waveform generation circuitry configured to

generate a cancellation signal using information of the first basis waveform.

[0006] Another aspect of the invention provides a method useful for full duplex

communications, comprising: transmitting one or more training signals from a radio node having

at least two transmitters and at least one receiver; receiving at least one of the training signals by



a receiver of the radio node; extracting a waveform in the time domain from the received training

signal; defining a prefilter using the waveform; transmitting a signal prefiltered using the

prefilter so as to reduce strength of a combined signal formed of received signals from the

transmitters in a frequency band of interest.

[0007] These and other aspects of the invention are more fully comprehended upon review of

this disclosure.

BRIEF DESCRIPTION OF THE FIGURES

[0008] FIG. 1 is a block diagram of a prior art wireless transmitter.

[0009] FIG. 2 is a block diagram of a full duplex radio with a single transmitting antenna and

a single receiving antenna in accordance with aspects of the invention.

[0010] FIG. 3 is a block diagram of a full duplex radio with multiple transmitting antennas

and a single receiving antenna in accordance with aspects of the invention.

[001 1] FIG. 4 is a block diagram of a full duplex radio with a single antenna for transmission

and reception in accordance with aspects of the invention.

[0012] FIG. 5 illustrates antenna useful in embodiments of the invention.

[0013] FIG. 6 illustrates antenna useful in embodiments of the invention.

[0014] FIG. 7 illustrates antenna useful in embodiments of the invention.

[0015] FIG. 8 illustrates antenna useful in embodiments of the invention.

DETAILED DESCRIPTION

[0016] Reference may now be made to the drawings wherein like numerals refer to like parts

throughout. Exemplary embodiments of the invention may now be described. The exemplary

embodiments are provided to illustrate aspects of the invention and should not be construed as

limiting the scope of the invention. When the exemplary embodiments are described with



reference to block diagrams or flowcharts, each block represents both a method step or an

apparatus element for performing the method step. Depending upon the implementation, the

corresponding apparatus element may be configured in hardware, software, firmware or

combinations thereof. In some aspects this application should be read in conjunction with U.S.

Provisional Patent Application No. 61/597,065, filed February 9, 2012, and U.S. Provisional

Patent Application No. 61/597,067, filed February 9, 2012, the disclosures of which are

incorporated by reference, and to which this application claims priority.

[0017] A transmitting path in the last stage of a typical radio of a wireless networking device

is shown in Fig. 1. The symbols s[n] may be complex and the real and imaginary components of

s[n] after conversion to an analog signal by a digital-to-analog converter (DAC) 111 can be

transmitted using a quadrature mixer 113 in which Re{s(n)} amplitude-modulates a carrier fc in a

first path while Im{s(n)} amplitude-modulates the same carrier fc with a phase shift of 90

degrees in a second path. The two amplitude-modulated signals are summed and fed to a power

amplifier 115 for transmission by an antenna 117.

[0018] The transmitted signal from the first transmitter is given by

a (t ) = GRe{b (t) exp(2 πf c t)} (1.1)

where b(t) = ∑n s [n]p(t - nT) (1.2)

is the baseband signal, G is the gain of the transmitter power amplifier PA, s[n] is the symbol

sequence to be transmitted, and p(t) is the pulse waveform of the transmitter.

The self-interference from the first transmitter to the first receiver is given as

r (t ) = GRe y (t) exp(2 πf c t )} (1.3)

where y (t ) = h (t ) * b(t) = ∑n s[n]p (t - nT) * h(t) (1.4)

4



is the baseband signal in the received signal r(t), and h(t) is the baseband channel impulse

response from the transmitter to the receiver co-located in the same wireless device or in close

proximity. Note that the carrier phase shift due to the channel is lumped into h(t). For a linear

and time-invariant channel h(t), Eq. (1.4) can be expressed as

y (t) = ∑n s[n]q (t - nT) (1.5)

where q(t) = p (t ) * (t ) . The channel h(t) may be time-varying, but the time-invariance

assumption may hold well in a short time period and within that short time-invariance period.

y(t) is a weighted sum of time-delayed pulses with the waveform q(t).

SINGLE TRANSMITTING ANTENNA

[0019] The case of a full duplex radio with a single first transmitting (Tx) antenna and a

single first receiving (Rx) antenna may first be considered. A system with such an embodiment

may acquire a first basis waveform of an interference signal received by the first Rx antenna

caused by a signal transmitted from the first Tx antenna, and generate and couple a cancellation

signal to the first Rx antenna or Rx circuit to cancel the first interference signal, with the

cancellation signal generated from a weighted sum of time-delayed versions of a first basis

waveform and coupled to the receiving antenna or receiving circuit using a circuit connection.

The block diagram of an implementation of an embodiment for the cancellation of the

transmitted signal from the first Tx antenna on the first Rx antenna of the same radio is shown in

Fig. 2. In Fig. 2, a signal is processed for transmission by a transmit chain. More particularly, in

Fig. 2 a signal s[n] converted to an analog signal s(t) by a DAC 2 11 upconverted by a mixer 213.

generally in quadrature, and amplified by an amplifier 215 for transmission over Tx antenna 217.

[0020] A cancellation signal c(t) is coupled onto the Rx antenna or Rx circuit. In some

embodiments the cancellation signal is coupled to the receiving circuit by way of the cable. In



some embodiments the cable is coupled to the receiving circuit by way of an RF combiner or a T

connection. The coupling of the cancellation signal c(t) onto an Rx antenna 219 or Rx circuit

may be a direct circuit coupling 221 or through a directional coupler. One embodiment uses an

isolator or directional coupler to couple c(t) onto the Rx antenna or Rx circuit to prevent the

received signal from reaching the cancellation circuit. In another embodiment, a circulator or

another isolator is used at the coupling to prevent the un-canceled portion of the cancellation

signal c(t) from transmitting out of the Rx antenna.

[0021] One embodiment uses a cancellation monitor 223 which initiates a re-acquisition of a

first basis waveform of the interference signal when a change in the RF environment and/or the

transmitter causes interference remaining in the signal after cancellation to exceed a threshold.

The cancellation monitor may sample the signal u(t), q(t) (after the signal q(t) is passed through a

mixer 253) or v(t) (after the signal u(t) is downconverted to baseband by a mixer 253 and filtered

by a filter 255) to detect the remaining interference signal after cancellation. Generally, the

signal v(t) is a received signal processed by other reception chain circuitry to receive and process

information transmitted by another radio. In many embodiments the LNA. mixer 253, and filter

are also part of the receive chain, the other reception/cancellation elements being signal

cancellation elements. The cancellation monitor may also accept a sample of the signal sent to

the first Tx antenna for use in the detection of the remaining interference after cancellation.

[0022] In one embodiment, a cancellation circuit 225 is set to an off mode and a basis

waveform acquisition circuit 227 is set to an acquisition mode. In Fig. 2. the acquisition of a first

basis waveform of the interference signal comprises opening an electronic switch Si (e.g.. by

applying a gate voltage to a MOSFET) or setting the cancellation circuit to an off mode, and

closing electronic switch S2 or setting the basis waveform acquisition circuit to an acquisition



mode, transmitting a pilot signal α.β(t ) = {p (t ) exp(2πf c t )} from the first Tx antenna, and

receiving a signal r (t ) = {p (t ) exp(2πf c t ) * h(t ) } and recording the baseband signal

r b (t ) — p (t ) * h(t ) as the first basis waveform in a memory. In some embodiments, the above

process is repeated multiple times, and the received signals are combined (e.g., averaged) to

produce the first basis waveform of the interference signal to reduce the background noise

component in the first basis of waveform. In one embodiment, when the cancellation monitor

detects that change in the RF environment and/or transmitter causes the interference remaining in

the signal after cancellation to exceed a threshold, the process for acquisition of first basis

waveform of the interference signal is repeated and a new first basis waveform is recorded and

used for interference cancellation. Note that the switches Si and switch S2 may not be

implemented as actual electronic switches in a circuit, as long as the relevant circuit branch is in

open circuit state or does not emit signals or draw signal power when it is not intended to be

used.

[0023] In one embodiment, in the acquisition mode, an ADC 229 samples the received signal

at a sufficiently high sampling rate and digitizes the sample values into a sequence of digital

numbers from which the first basis waveform is extracted, for example by waveform extraction

circuitry 231. and stored in a digital memory 233. In normal operation mode when the first

transmitter is transmitting a signal and the first receiver is receiving a signal at the same time

using the same frequency channel, the cancellation circuit is put to an operational mode to

generate the cancellation signal. The cancellation signal may be formed by a) computing w[n], a

sliding-window weighted sum of the first basis waveform using the symbols s[n] as the weights,

for example using a waveform generator 261. b) converting w[n] to an analog signal w(t) using a



DAC 263. c) upconverting the signal to fc using a mixer 265, and d) scaling the signal by G using

an amplifier 267. Notationally.

w (t) = - ∑n s [n]rb (t - nT) = - ∑n s[n]q (t - nT) = - ∑n s [n]p(t - nT) * h(t ) (1.6)

c(t) = GcRe{w(t ) exp(27r/ t)} ( .7)

where Gc is the gain of the cancellation circuit and is chosen such that GCC = G where C is the

coupling coefficient that couples c(t) onto the first Rx antenna or Rx circuit. When the

cancellation signal c(t) in Eq. (7) is coupled onto the Rx antenna or Rx circuit, it will cancel out

the interference signal or major part of the interference signal given in Eqs. (1.3) and (1.4). Since

the first basis waveform rb (t) is of finite length, the sliding-window summation in Eq. (1.6) may

only need to be carried out over a small number of T intervals in which multiple time-delayed

rb (t —nT) 's that are overlapping are weighted and summed.

[0024] The power level β of the pilot signal αβ (t ) = ρ (t ) exp(2 πfc t)} transmitted by

the first Tx antenna for the acquisition of the first basis waveform is preferably made sufficiently

low such that the received signal power at the first Rx antenna does not saturate the receiver

circuit. With the assumption of a linear system and linear channel, the first basis waveform at

higher transmitting power can be obtained by scaling the first basis waveform obtained at low-

transmission power. In general, the linearity assumption is a more accurate approximation if the

first basis waveform is obtained using a transmission power level close to the normal operating

point.

[0025] In one embodiment, an iterative process with a sequence of transmitting power levels

β 1< β 2< β 3< β 4 · · · · is used to obtain the first basis waveform at a high transmission power level or

a transmission power level close to the normal operating point. First, a signal with the lowest

power level β ι is transmitted from the first Tx antenna with β ι chosen such that the receiver



circuit can extract a first approximation rb1(t) of the first basis waveform without any

cancellation signal. Then, a signal with power level β2>β1is transmitted from the first Tx antenna

and use the cancelation signal cβ 2 (t) = —Cb2Re{rb (t) exp(2πfc t )} where Cb2 = β2 to cancel

the interference due to the transmitted signal at power level β2 Let a scaled version of the

received baseband signal after the cancellation be rβ 2(t) and update the first basis waveform to

rb1(t) = rb1(t) + rb1(t) . Next, a signal with power level β3>β2 is transmitted from the first Tx

antenna and use the cancelation signal cβ 3 (t) = -Cb 3Re{r (t) exp(2πfc t )} where Cb3 = β3 to

cancel the interference due to the transmitted signal at power level β . Let a scaled version of the

received baseband signal after the cancellation be rβ 3(t) and update the first basis waveform to

rβ 3(t) = rβ 2(t) + rβ 3(t) . This process may be repeated k>l steps until the power level β1

reaches or is close to the normal operating level of the transmitting power of the first transmitter.

In each step, the first basis waveform estimated from the previous step is used to generate a

cancellation signal to cancel out major portion of the interference and the remaining signal is

used to produce a new estimate of the first basis waveform at the higher power level.

MULTIPLE TRANSMITTING ANTENNAS

[0026] The embodiments described in the previous section can be extended to a MIMO full

duplex radio with nr Rx antennas and nt Tx antennas. In the discussion below only the scenario

with multiple Tx antennas and a single Rx antenna is considered since the cancellation circuit for

a single Rx antenna can be duplicated for each additional Rx antenna. In a full duplex radio with

nt Tx antennas and a single Rx antenna, each Tx antenna transmits a signal α(ί ) (t ) with a

baseband signal b(ί ) (t) as given in Eqs. (1.1) and (1.2). The superscript (i) indicates the signals



or parameters associated with the i - th transmitter. The self-interference from the

antennas to the Rx antenna is given as

where

[0027] To cancel the interference described in Eqs. (1.8) and (1.9). the process in the

previous section for a single Tx antenna is duplicated nt times, one for each Tx antenna, and the

cancellation signal is given by

where where C is the coupling coefficient that couples cm (t ) onto the Rx antenna

or Rx circuit. As shown in Eq. (1.10), the cancellation signal cm (t ) is generated by summing the

cancellation signal for each

Tx-to-Rx channel and each c (ί ) (t ) is generated as a sliding-window summation over a number of

T intervals of time-delayed first basis waveforms r of the i - th Tx-to-Rx channel, in

the same manner as in the embodiments in the previous section for a single Tx antenna and a

single Rx antenna. When the cancellation signal cm (t ) in Eq. (1.10) is coupled onto the Rx

antenna or Rx circuit, it will cancel out the interference signal or major part of the interference

signal from the nt Tx antennas given in Eqs. (1.8) and (1.9). A circuit implementing this

embodiment illustrated in Fig. 3 with two Tx antennas and a single Rx antenna 3 5. A first

transmit chain 321 drives a signal for transmission on a first Tx antenna 313 and a second

transmit chain 323 drives a signal for transmission on a second Tx antenna 313. The first and

second transmit chains are similar to or the same as the transmit chain of Fig. 2. The cancellation



signal is generated by signal cancellation elements 325. The signal cancellation elements are the

same as or similar to the signal cancellation elements of Fig. 2. The cancellation signal elements

receive a signal v(t), q(t), or v(t). from a location on a receive chain with portions 327 of the

receive chain illustrated in Fig. 3 being the same as or similar to portions of the receive chain of

Fig. 2. Similar to the single Tx antenna, the remaining interference can be further canceled by

digital signal processing.

[0028] As shown in Eq. (1.10). in the multiple Tx antenna embodiment, a set of first basis

waveforms, one for each Tx-to-Rx channel, is acquired and stored in a

waveform memory bank to generate the combined cancellation signal. In one embodiment, the

acquisition of first basis waveform of the interference signal from each Tx antenna is carried out

separately, i.e.. one transmitter, say the i —th transmitter, transmits via its antenna a pilot signal

x antenna, and the Rx antenna receiving

a signal and recording the baseband signal

as the first basis waveform for the i —th Tx-to-Rx channel in a

memory. In one embodiment, the above process is repeated multiple times for each Tx-to-Rx

channel, and the received signals are combined (e.g.. averaged) to produce a first basis waveform

of the interference signal for the i —th Tx-to-Rx channel to reduce the background noise

component in the first basis of waveform. In another embodiment, when the Cancellation

Monitor detects that change in the RF environment and/or one or more transmitters causes the

interference remaining in the signal after cancellation to exceed a threshold, the process for

acquisition of first basis waveforms of the interference signals is repeated and a new set of first

basis waveforms is recorded and used for interference cancellation.



[0029] The iterative process with multiple transmitting power levels β ι< β < β

described in the single Tx antenna section can also be extended to the multiple Tx antenna case.

[0030] The multiple Tx antenna and single Rx antenna case can be easily extended to the

case with multiple Tx antennas and multiple Rx antenna by simply repeating the above process

for each Rx antenna. When multiple Tx antennas and multiple Rx antennas are used in MIMO

devices, the acquisition of the set of first basis waveforms may also be performed in parallel. The

multiple Tx antennas may transmit pilot signals simultaneously and the multiple Rx circuits may

separate out the signal sources and extract the first basis waveform for each Tx-to-Rx channel.

MIMO PREFILTER IMPLEMENTATION

[0031] In a MIMO environment, the cancellation signals may be generated using prefilters.

For each transmitted data packet subject to linear modulation, the signal transmitted from the

k —th transmitter has the following form:

where

is the (complex) baseband form of is the (complex) impulse response of the

k —th waveform prefilter for data stream i. s i [n] is the (complex) symbol sequence for data

stream i, N is the number of complex symbols (including the prefixed symbols such as those

used in OFDM system) per stream, and p(t) is the fundamental waveform, which has bandwidth

W and (effective) duration T. For high spectral efficiency, it is typical that T is equal to or only

slightly larger than 1/W. For a broadband system. W can be any relatively large number (e.g..

20MHz. 100MH or larger).

[0032] The self-interference received by the —th receiver is



where

is the (complex) baseband form of rl (t ) . and hl,k (t ) is the (complex) baseband channel impulse

response from the k —th transmitter to the I —th receiver on the same radio.

[0033] To cancel the interference, is found such that y l (t) 0 for all

/ = 1, ...n r , or equivalently The matrix form of

this condition is

[0034] In one embodiment with n r receivers. nr cancellation circuits (one coupled to each

Rx antenna or Rx circuit), and nt — nr transmitters, the n r cancellation circuits may be

considered as equivalent "transmitters" where the channel impulse response from each

cancellation circuit to the coupled Rx antenna or Rx circuit is S(t ) subject to a scaling and zero

for all other receivers. Arranging the cancellation circuit to be the first n r "transmitters" in Eq.

(1.14), we have and . This

is because the k —th cancellation circuit is directly coupled to the k —th receiver and there is

no over-the-air transmission from the nr cancellation circuit to the other I ≠ k receivers except

for leakage which can be kept to negligibly small using proper shielding and layout. The H(t)

matrix becomes



And a solution to Eq. (14) is given by:

[0035] Note that in the last step of Eq. (1.14), all appear in the format of *

p t . Since components of are either , zero or there is no need to de-convolve

to extract ) . We simply need to record the waveforms which

are exactly the first basis waveforms described in the previous sections.

USING THE SAME ANTENNA FOR TRANSMITTING AND RECEIVING

[0036] In some instance the same antenna may sometimes be used for both transmitting and

receiving signals. The transmitted signal is sampled, attenuated and phase-shifted so that it is

equal in amplitude and anti-phase (π-shift) to the transmitter signal leaked onto the receiver

input. This cancellation signal is coupled to the Rx circuit to cancel the transmitter leakage. The

effectiveness and use of such approaches are limited to canceling narrow band signals and the

need of bulky and/or expensive analog and microwave components to achieve the effect of phase

shifting and amplitude attenuation.

[0037] The embodiments of this invention described in the previous sections can be extended

to an embodiment of a full duplex radio in which a single antenna is used for transmitting and

receiving in the same frequency channel. One implementation of this embodiment is illustrated

in Fig. 4, which is the same as Fig. 2 except a single antenna is used by both Tx and Rx and a

circulator 409 is used to keep the transmitting path and receiving path separate. Thus, the



embodiment of Fig. 4. a transmit chain 4 11 is used to provide a signal for transmission over an

antenna 413. with the circulator coupling the transmission chain and the antenna. The transmit

chain may be the same as or similar to the transmit chain of Fig. 2. A signal received by the

antenna is provided, by way of the circulator, to portions of a receive chain 415, which also may

be the same as or similar to the portions of the receive chain of Fig. 2. In addition, an isolator

may be inserted before the cancellation signal is coupled to the receiving circuit to prevent the

received signal from reaching the cancellation circuit.

[0038] In this embodiment, the acquisition of the first basis waveform of the interference

signal, the generation and coupling of the cancellation signal to cancel out the interference can be

achieved in the same manner as in the single Tx antenna and single Rx antenna embodiments.

The cancellation signal is coupled to the input to the receiver amplifier to cancel out the

transmitter signal leaked onto the receiver input. The iterative process of acquiring the first basis

waveform for the interference signal using increasing transmitting power levels

β 1< β 2< β 3< β 4 · · · · And the process of acquiring multiple versions of the first basis waveform to

remove background noise components can also be used in the embodiment with a single antenna

for both Tx and Rx.

[0039] The embodiment with a single antenna for Tx and Rx and the embodiments with

separate Tx antenna(s) and Rx antenna(s) can be combined to produce an embodiment of a

MIMO full duplex radio in which one or more of the antennas function as both Tx and Rx

antenna and the other antenna(s) function as either Tx or Rx.

[0040] In all the above preferred embodiments, the cancellation signal in RF is coupled to

the Rx antenna prior to the LNA of the receiver, between r(t) and u(t) in Figs. 2. 3 and 4.

Alternatively, if high dynamic range LNA is available, the cancellation signal in baseband form



may be coupled to the baseband signal at v(t) in Figs. 2 3 and 4 to cancel the interference in

baseband instead of in RF. Further, the above embodiments can be extended to different

modulation schemes.

[0041] In some embodiments with n r > 1 RF (radio frequency) receivers and nt > n r RF

transmitters, the waveform prefilters can be used to remove self-interferences from the transmitters

to the receivers on the same radio at the RF frontend. thus allowing the transmitters and the

receivers placed in close proximity on the same radio to receive up to n r streams of data and

transmit up to nt - n r streams of data at the same time using the same frequency channel. The

broadband waveform prefiltering method of this application works for any channel response

characteristics of the self-interferences. One embodiment uses primary and secondary antennas in

which the secondary antennas are used for interference cancelation with low power and the primary

antennas (mainly directional) are used for either receiving or transmitting data depending on the

flow direction that the relay serves.

[0042] In some embodiments a class of channel-response matched broadband waveform

prefiltering may be used for broadband full-duplex radios.

[0043] In one embodiment, a radio has n r RF (radio frequency) receivers and nt RF

transmitters. In order to achieve full-duplex, part of the transmit freedoms is used to cancel RF self-

interferences at all receivers. With self-interferences removed (or nearly removed) from all receivers

at the very RF frontend. the desired signals to be received are kept within the dynamic range of the

receivers and the linearity of the system is preserved. Any residual self-interferences can be further

canceled by a follow-up baseband signal processing.

[0044] Broadband Data Transmission



[0045] In one embodiment, for each transmitted data packet subject to linear modulation, the

signal transmitted from the kth transmitter has the following form:

[0046]

[0047] where

[0048]

[0049] is the (complex) baseband form of y (t), gk (t) is the (complex) impulse response of the

kth waveform prefilter for data stream i, is the (complex) symbol sequence for data stream i, N

is the number of complex symbols (including the prefixed symbols such as those used in OFDM

system) per stream, and p(t) is the fundamental waveform, which has bandwidth W and (effective)

duration T For high spectral efficiency, it is typical that Tis equal to or only slightly larger than 1/W.

For a broadband system. W can be any relatively large number (e.g.. 20MHz, 100MHz or larger).

[0050] The self-interference received by the 1th receiver is

[0051]

[0052] where

[0053] u

nT)) (2.4)

[0054] is the (complex) baseband form of V i (t). and hl,k(t) is the (complex) baseband channel

impulse response from the kth transmitter to the 1th receiver on the same radio.

[0055] We need to find such that U j(t) = 0 for all 1 =1, .... n r . or

equivalently . The matrix form of this condition is

[0056] or equivalently H(t) * g (t) 0 (2.5)



[0057] Broadband Waveform Prefiltering

[0058] In one embodiment, the notions of vector space in the field of functions is used to handle

the problem of Eqn. (2.5). n vectors of functions f (t), ...,f n (t)} may be said to be convolutively

independen . The rank rH (t) of theH(t) is

the largest number of columns (or rows) in H(t) that are convolutively independent. It follows that

. The dimension of the solution space of (2.5). which is also called the

dimension of the (right) null space of H(t). is the number of convolutively independent solutions to

(2.5), which is always dnull = nt - rH (t). In general, dnull > nt - min{n r , nt }. If dnull = nt -

min {n r , nt } we call it a typical case (very likely in practice), or otherwise if dnull > nt —

min {n r , nt }, atypical case (not very likely in practice). To ensure dnull > 1 in both cases, we

choose nt > n r .

[0059] Embodiments with I = nt —n r convolutively independent solutions for g(t) of (2.5) are

shown below:

[0060] If n r = 1 and nt 2 where I = 1, a solution for g(t)is

[0061]

[0062] If n r = 1 and nt = 3 where I = 2, a pair of two convolutively independent solutions for

g(t) are

[0063]

[0064]

[0065] If n r —1 and nt = 4 where I = 3, a pair of two convolutively independent solutions for

g(t) are

[0066]

[0067]



[0068]

[0069] If nr = 2 and nt = 3 where I = 1, a solution for g(t)is

[0070]

[0071] If nr = 2 and nt = 4 where I = 2, a pair of two convolutively independent solutions for

g(t) are

[0072]

[0073]

[0074] In general, for nt > nr > 1, the ith of a set of I = nt —nr convolutively independent

solutions for g(t)of (2.S) is such that

[0075]

[0076] where Om>1 is the m x 1 zero vector, and are a solution to

[0077] A

[0078] where A(t) is a square matrix equal to H(t) without its last nt —nr columns, and b|(t)

the (nr+i)th column of H(t). The solution

[0079]



[0080] with } may be chosen. Here, the inverse A(t) - 1 and determinant

det (A(t)} are computed in the same way as the conventional inverse and determinant except that

all multiplications are substituted by convolutions.

[0081] Among all possible sets of convolutively independent solutions to (2.S), there is one

which has the shortest length (shortest time duration). The solutions shown above are not

necessarily the solutions with shortest length. Methods for finding the shortest solutions are

addressed below.

[0082] Although the above solutions (2.9)-(2. 17) are valid for arbitrary H(f , they are the best

forms if hk k (t)for k =l....,n r are the strongest (i.e.. producing the strongest signal) among all

hl,k (t) for 1=1. ...,n t . This condition can be always met by properly indexing the transmitters with

respect to the receivers.

[0083] Prefilter Implementation Methods

[0084] In the above embodiments, the self-interference channel response hl,k (t) is assumed

arbitrary (subject to the double-sided bandwidth W) and available. One embodiment obtains hl,k (t)

online by using a training period during which hi (t) is calibrated. The pilot used for training can

be chosen in many different ways. One embodiment uses a pulse much narrower than the pulse p(t)

used for data transmission. In this case, the received signal is simply hl,k (t) (between transmitter k

and receiver 1). In another embodiment that uses the data transmission pulse p(t) for training, the

received waveform is p(t) * hl,k (t). The embodiment uses deconvolution to extract h (t) from the

received waveform p(t) * hl,k (t).

[0085] In the embodiment with n r = 1. there is no need to compute h k (t) from p(t) * hj (t).

This is because we can use p(t) * hl,k (t) directly to generate (2. 1) where



[0086]

[0087] and is either zero or identical to one of ) .

[0088] Another embodiment avoids the computation of hl,k (t) from p(t) * hl,k (t) by the

following method. Denote ) , which is the waveform measured by receiver 1

in response to the pulse p(t) from transmitter k. If hl,k (t) is replaced by ) for all 1

and k. then is replaced by . Here, for example, is

equivalent to ) . During data transmissions, we let transmitter k (for all k)

transmit

[0089]

[0090] where

[0091]

[0092] It is easy to verify that

[0093] It is useful to place n r of the total nt transmitters closer to the n r receivers, pairwisely.

than other nt - n r transmitters. In this way. the closer transmitters need to consume less power for

interference cancelation and at the same time cause less interference to other receivers. This

arrangement of transmitters also leads to the desired condition for the solutions (2.9)-(2.17). i.e..

hk,k (t) for k = 1, ... , n r are the strongest among all hl,k (t) for 1= 1 n r and k=l nt .

[0094] One embodiment uses a cancelation monitor which initiates a re-calculation of the

prefilters when change in the RF environment causes the interference remaining in the signal after

cancellation to exceed a threshold.

[0095] Effect of Waveform Prefilters on Channels between Nodes in Wireless Relaying



[0096] A radio with waveform prefilters satisfying (2.5) may be used as full-duplex wireless

relay. In such an embodiment, the channel between a source node (Node A) and the relay is

virtually interference free. The quality of the channel between Node A and the relay in full-duplex

mode is identical to that between Node A and the relay in half-duplex mode (provided that the same

number of receivers are used for both modes).

[0097] When n t transmitters of the relay transmit the signals as shown in (2.1), n rreceivers at a

destination (Node B) receive

[0098]

[0099] where

[0100]

(2.22)

[0101] where 1=1,..., n r and h l,k (t is the baseband channel impulse response between the kth

transmitter of the relay and the Ith receiver on Node B. The effective channel matrix between the I

streams of data from the relay and the n r receivers at Node B is

[0102]

[0103] The quality of this channel matrix depends on which is independent of h l,k (t).

To ensure that all I streams of data can be received by Node B. we need I < n r .

[0104] With given for all i and k, the channel matrix can also be calibrated online.

Another (inner) layer of waveform prefiltering can be applied as in the conventional transmit

beamforming for MIMO channels.

[010S] Antennas for Full-Duplex Wireless Networking



[0106] In practice, the number of antennas on each relay node is limited. If there are total N

omnidirectional antennas on the relay, a full-duplex mode with transmit antenna beamforming for

self-interference cancelation may use n r antennas for receiving and N - n r antennas for self-

interference cancelation and transmitting. If the relay is restricted to receive the same number of

independent streams as it transmits, we need N —n r > 2n r , i.e., N > 3n rwhich allows n r = N/3

independent streams through the relay.

[0107] For comparison, in the half-duplex mode where the relay receives using all N antennas

and, in another channel, transmits using all N antennas, the effective number of streams per channel

is also N/2.

[0108] Therefore, it seems reasonable to say that if all antennas on the relay are

omnidirectional, the half-duplex mode is a better choice than the full-duplex mode in terms of the

antenna usage and implementation complexity.

[0109] However, in practice, there are many types of antennas that do not have the

omnidirectional property, i.e., they are directional. Directional antennas can provide much improved

network spectral efficiency than omnidirectional antennas. One embodiment uses relays equipped

with directional antennas. Illustrated in Fig. 5 is an example of such an embodiment of a relay with

4 primary antennas 5 la-d and 4 secondary antennas 5 3a-d.

[01 10] One embodiment uses directional primary antennas for transmitting and lower power

secondary antennas for canceling self-interference. The primary antennas are directional with

primary beams pointing outwards from the relay or in such a way that the set of transmitting

antennas primary beams are pointing away from the set of antennas that are receiving. In one

embodiment, each of the primary antennas can be used for receiving or transmitting depending on

the direction of the intended source or destination node. When the signal power of the source node



is mainly from a first direction, e.g., from northeast, and the destination node can be reached by

transmitting mainly to a second direction, e.g.. to the southeast, the two primary antennas facing the

first direction are used for receiving and the two primary antennas facing the second direction are

used for transmitting.

[01 11] Directional antennas in practice are not ideal, and their RF transmission will leak in all

directions, although the signal power in the back zone is significantly lower than in the front zone.

The secondary antennas for self-interference cancelation can be made to work cooperatively with

the primary antennas to eliminate the self-interference from the transmitting primary antennas to the

receiving primary antennas during full-duplex mode. The methods presented earlier apply here

directly.

[01 12] In the example illustrated in Fig. 4. when the relay serves a traffic flow from a first

direction (northeast) to a second direction (southwest) which is opposite or approximately opposite

to the first direction, there are two receivers (corresponding to the two primary antennas on the

northeast of the relay) and four transmitters (corresponding to the two secondary antennas on the

northeast of the relay and the two primary antennas on the southwest of the relay), as shown in Fig.

6. Since the power of leakage in the back zone is relatively small compared to the transmitted power

of the primary beams in the front zone, the power consumed by (and emitted from) the secondary

antennas for interference cancelation is relatively small compared to that from the transmitting

primary antennas.

[01 13] Another embodiment places the secondary antennas in the back zone of the transmitting

primary antennas. In this case, one set of secondary antennas can be used to cancel interference

from any pair of neighboring transmitting and receiving antennas. One example is illustrated in Fig.

7. Only two secondary antennas are needed to cancel the interference from any two transmitting



primary antennas to the other two primary receiving antennas. In comparison to the configuration in

Fig. 6, it eliminates the two idle secondary antennas.

[01 14] In yet another embodiment, multiple dedicated directional antennas are used for

transmission and dedicated receiving antennas are placed in the common area of the back zones of

the transmitting antennas and secondary antennas for interference cancellation are placed adjacent to

the dedicated receiving antennas to cancel the interference from the back zone leakage from the

multiple dedicated directional transmitting antennas. An example embodiment with four directional

transmitting antennas and two dedicated receiving antennas and two secondary antennas for

interference cancellation is shown in Fig. 8, in which a comer reflector is used to create a back zone

for a transmitting antenna. The corner reflectors serve to both steer the signal power of the dedicated

directional transmitting antennas away from the back zone where the dedicated receiving antennas

are located, and shield the signal power from the secondary antennas away from the dedicated

directional transmitting antennas.

[01 15] Shortening of Prefilters

[01 16] The prefilters discussed earlier are not the shortest possible although they are easy to

construct and convenient for practical use. In this section, embodiments for shortening the prefilters

without losing its effectiveness on interference cancelation are presented.

[01 17] Shortening a given vector of prefilters

[01 18] First, consider a given vector of prefilters for stream i as discussed earlier. To

preserve the desirable zero entries in g l (t), the zero entries can be removed from g ( d the

resulting (n r + 1) x 1 vector can be named as q i (t). For convenience, the superscript (i) will be

dropped. Subject to the double-sided bandwidth W. we can use a sampling rate fs > W can be used

to convert q(t) into a vector sequence q[l] for 1= 0 L where L is the effective length (or order) of



]. There is a one-to-one mapping between the sequence q[I] and its Z-transform q{z} =

In one embodiment the goal is to find q{z} with the shortest possible order

such that

[01 19]

[0120] where a{z} is a scalar polynomial of order The equation (24) is equivalent to

[0121]

[0122] where

[0123]

[0124]

[0125]

[0126] It is known that has a full column rank if n L, and always has the

full row rank. Then, for n . range = range and range

range where range is orthogonal complement of range. The dimension of

range is which is positive for any n if

[0127] With unknown can be chosen to construct q Then, from the rank of

which is can be determined. If the SVD of τ is denoted

as where can be contructed.

(This step can be replaced by rank-revealing QR decomposition.) Then, can be found by



[0128]

[0129] which is a quadratic minimization and has a unique solution.

[0130] One embodiment achieves a higher accuracy by using the estimate from (2.26) as an

initial estimate of q{z} in an alternate least square fitting algorithm that minimizes the difference

between the left and right of the equation (2.24).

[0131] The shortened prefilter q{z} may have a bandwidth larger than W. One embodiment

uses a low pass filter in the D-to-A processor that converts each element in q{z} to an analog

waveform. After the low pass filter, the waveform may become longer. But the shortened prefilter

q{z} along with a common low pass filter may be easier to implement than the original

prefilter q{z}.

[0132] Finding All Shortest Prefilters Jointly

[0133] The discrete-time version of (2.5) in Z-domain can be written as

[0134] { }g { }

[0135] where H{z} = which has the dimension nr x nt with nt > nr , and

[0136] H{z} can be assumed to have a normal rank equal to nr . i.e., all rows of H{z} are

independent for almost all z ε C. which is equivalent to the property that all rows of H( ) are

convolutively independent. This condition can be met easily in practice especially when the first

nr transmitters are placed pairwisely near the nr receivers.

[0137] Then, it is known from the rational vector space theory that there are n t —nr

independent vectors g of the minimum degrees (or lengths), satisfying (2.27). One

embodiment comprises an iterative procedure for finding a set of these n —n minimum length

prefilters as presented below.



[0138] It follows from (2.27) that

[0139]

[
[0140]

[0141] and is a reference degree for g{z). Note that there is a one-to-one mapping between

) and g{z) of degree It is clear that if of degree is a solution to (2.27) then

of with [/] = 0 for must be a solution to (2.28) with .

Also note that if of degree L is a solution to (2.27). so is for any m ≥ 0.

Therefore, for must also be solutions to (28) with . It is also

easy to verify that are independent vectors in

[0142] To find the total nt - n-. independent minimum-degree vectors a

smallest may be started with such that (2.28) has a solution. Then, set and record the

number n of the independent solutions with the degree . These solutions

correspond to Without loss of generality, it can be assumed that

independent minimum-degree vectors g of degree where

have been found. A smallest may

be chosen such that there is a solution to the following equation:

[0143]

[0144] where P the orthonormal matrix Q is from the QR decomposition

consists of all the following column vectors:



[0145] ) here k

[0146] Then, set , record the number nk + of independent solutions to (2.29),

update and determine the nk+i independent minimum-degree vectors

of degree where the computation is

completed. Otherwise, repeat the previous process with k increased by one. Obviously, we can

set 0 = / in (2.29).

[0147] In another embodiment, the solution to (2.29) is replaced by the least square solution for

better numerical stability. This embodiment further comprises keeping the least squared error very

small for each iteration index k to prevent the error from propagating and deteriorating the quality

of the subsequent iterations.

[0148] The prefilters generated from the embodiments in this subsection are the shortest

possible. Similar to the embodiments in the previous subsection, the shortened prefilters are further

processed (either implicitly or explicitly) by a common low pass filter to meet the bandwidth

constraint.

[0149] Although the foregoing descriptions of the preferred embodiments of the present

invention have shown, described, or illustrated the fundamental novel features or principles of the

invention, it is understood that various omissions, substitutions, and changes in the form of the

detail of the methods, elements or apparatuses as illustrated, as well as the uses thereof, may be

made by those skilled in the art without departing from the spirit of the present invention. Hence,

the scope of the present invention should not be limited to the foregoing descriptions. Rather, the

principles of the invention may be applied to a wide range of methods, systems, and apparatuses, to

achieve the advantages described herein and to achieve other advantages or to satisfy other

objectives as well. Although the invention has been discussed with respect to various



embodiments, it should be recognized that the invention comprises the novel and non-obvious

claims supported by this disclosure.



What is claimed is:

1. A method useful for full duplex radio communications, comprising:

transmitting a training signal by a node in a radio network;

extracting a waveform from a version of the training signal obtained from a receive chain

of the node;

generating a cancellation signal using the waveform; and

applying the cancellation signal to the receive chain of the node.

2. The method of claim 1, wherein the cancellation signal is determined using a sliding

window weighted sum of the waveform.

3. The method of claim 2, wherein coefficients of a signal to be transmitted comprise

weights of the weighted sum.

4. The method of claim 1, wherein the training signal is transmitted over a first antenna of

the node, the receive chain is coupled to a second antenna of the node, and the version of the

training signal obtained from the receive chain is a version of the training signal received by the

second antenna.

5. The method of claim 1. wherein the training signal is transmitted over a first antenna of

the node, the receive chain is coupled to the first antenna, and the receive chain receives the

training signal through a circulator.



6. The method of claim , further comprising iteratively:

transmitting the training signal, at increased power compared to prior transmissions of the

training signal, by the node in the radio network;

extracting a further waveform from a version of the training signal transmitted at

increasing power obtained from the receive chain of the node;

generating a further cancellation signal using the waveform: and

applying the cancellation signal to the receive chain of the node.

7. The method of claim 1, wherein the node includes nr receive antennas and nt transmit

antennas, and urther comprising transmitting a training signal a , by each of the nt transmit

antennas, and wherein the version of the training signal obtained from the receive chain is a

version of a combination of the a, transmitted signals.

8. The method of claim 7. wherein each of the a , transmitted signals are different signals.

9. The method of claim 7, wherein: extracting a waveform from a version of the training

signal obtained from a receive chain of the node.

generating a cancellation signal using the waveform, and

applying the cancellation signal to the receive chain of the node;

is performed for each of the nr receive antennas.

10. A radio node, comprising:

a transmit chain for transmitting a signal;



a receive for receiving a signal; and

cancellation elements including:

waveform extraction circuitry coupled to the receive chain, the waveform extractor

circuitry configured to extract a first basis waveform from information of a signal from the

receive chain;

memory for storing information of the first basis waveform: and

waveform generation circuitry coupled to the memory and the receive chain, the

waveform generation circuitry configured to generate a cancellation signal using information of

the first basis waveform.

11. The radio node of claim 10, wherein the waveform generation circuitry is coupled to the

receive chain between prior to a low noise amplifier in the receive chain.

12. The radio node of claim 10, wherein the coupling of the waveform generation circuitry to

the receive chain includes a digital to analog converter, a mixer, and a power amplifier.

13. The radio node of claim 10. wherein the transmit chain is coupled to a transmit antenna

and the receive chain is coupled to a receive antenna.

14. The radio node of claim 10, wherein the transmit chain and the receive chain are coupled

to a common antenna.



15. The radio node of claim 14. wherein the transmit chain and the receive chain are coupled

to a common antenna by way of an RF circulator.

16. The radio node of claim 10. wherein the radio node include t transmit chains and r

receive chains, each of the r receive chains including the cancellation elements.

17. A method useful for full duplex communications, comprising:

transmitting one or more training signals from a radio node having at least two

transmitters and at least one receiver;

receiving at least one of the training signals by a receiver of the radio node;

extracting a waveform in the time domain from the received training signal;

defining a prefilter using the waveform:

transmitting a signal prefiltered using the prefilter so as to reduce strength of a combined

signal formed of received signals from the transmitters in a frequency band of interest.

18. The method of claim 17, wherein the prefilter is defined without using deconvolution to

obtain a channel impulse response.
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