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Current wireless devices  
are half-duplex
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Full-duplex

Ideal full-duplex doubles the available resources



Why is it difficult? 



Self interference
Transmit signal: 20dBm

Receive signal: -70dB,

Transmit signal is 
about a billion times 

stronger than the 
receive signal

Large dynamic range



Typical TX-RX numbers
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Full-duplex: Antenna sharing
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Same board/chip
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Self-Interference multi-path
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ADC resolution
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• 55 - 60 dB cancellation required before ADC
• Quantization noise limits digital cancellation



After ADC 
 (assume infinite resolution)

Thermal noise
-100dBm (20 MHz)

Signal -35 dBm,
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Maximum noise + interference for 54 Mbps

SI: -35 dBm (analog 50 dB)

-65 dBm is the receiver 
sensitivity for 54 Mbps WiFi

This would require 20+15 = 35 
dB digital cancellation

Ideal!



Realising a full-duplex node

• Require about 90-110dB cancellation of self-
interference 

• 55-60 dB in analog domain (before ADC) 

• Some cancellation required before LNA 

• 35-50 dB in digital domain 

• Should be robust to self-interference multi-path



Self-interference model

I(t) =
NX

k=1

akx(t� ⌧k)

Gain of path k

Delay of path k

Number of dominant
paths

• x(t) is the RF signal 

• Unknowns 

• Delays, gains, number of paths

x(t) = Re
�
u(t)ej2⇡fct

�



What paths matter?
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Measured Data
Linear: −1.8x−4.4
Measured
Linear:−2.4x+3.9
Measured
Linear: −5.5x+55

25 cm

45 cm

• On board paths 
• D = 5cm 
• T =160 ps

• 25 cm reflector 
• T =1600 ps 
• 40 dB

Only few paths matter; delays in 100s of pico seconds



How close are x(t) and x(t-a)?

x(t) and x(t-100ps)

Carrier changes at 400 ps
Signal changes at 1/W (50 ns)

Residual error is in the carrier



Part 2



Goal: A full-duplex capable transceiver ASIC 
for cellular/wlan systems 



Basic (only) idea

• Subtract the known self interference    

• Digital domain: x - x = 0 

• Analog domain: x - x = 0.001x 

• Filtered self-interference 

• Delayed and scaled versions of the transmit signal

Transmitted signal is know at the node 



RF time (true/phase) delay
How to obtain 800 ps delay?

True time delay

x(t)

x(t-t1)

Long transmission line (25cm)

Phase delay

x(t� t1) = Re
⇣
u(t� t1)e

j2⇡fc(t�t1)
⌘

⇡ Re
⇣
u(t)ej2⇡fc(t�t1)

⌘

Implemented using vector modulator



Vector modulator 
(RF phase shifter)
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Implementation

Self-interference cancellation

Passive Active

Active digital

RF cancellation

Active analog 

Baseband 
 cancellation



Passive cancellation

Choi, Jung Il, et al. "Achieving single channel, full duplex 
wireless communication."  

•Antenna placement 
•Separate antenna 
•Polarization 
•Transmit beamforming

Pros

• Simple implementation
Cons

• Narrow band 
• Cannot handle multipath

3

50 cm

(a) Configuration I: 90� beamwidth antennas,
90� beam separation, 50 cm antenna
separation.

50 cm

(b) Configuration II: 90� beamwidth
antennas, 60� beam separation,
50 cm antenna separation.

35 cm

(c) Configuration III: 90� beamwidth
antennas, 60� beam separation,
35 cm antenna separation.

50 cm

(d) Configuration IV:
Omnidirectional antennas, 50 cm antenna
separation.

35 cm

(e) Configuration V:
Omnidirectional antennas, 35 cm antenna
separation.

Fig. 1: Five architectures evaluated in the passive suppression characterization. We do not designate one antennas as the
transmitter and one as receiver as these roles exchange.

Fig 1(b), also uses 90

� beamwidth antennas, but with a beam
separation of 60

�, so that there is 30

� overlap between the
coverage zones. In both Configurations I and II the separation
between antennas is 50 cm. Configuration III, shown in
Figure 1(c), is identical to Configuration II, except that the
separation between antennas is scaled down to 35 cm. The
90

� beamwidth antennas used in Configurations I, II, and III
are HG2414DP-090 panel antennas from L-com [20] designed
for outdoor sectorized WiFi access points. For comparing to
cases without directional isolation, Configurations IV and V,
shown in Figures 1(d) and 1(e), were also studied. The
50 cm separation between antennas in Configuration IV is
the same as in Configurations I and II, the 35cm separation
in Configuration V is the same as in Configuration III. The
omnidirectional antennas used in Configurations IV and V are
HGV-2406 outdoor WiFi antennas from L-com [21].

2) Implementation of Absorptive Shielding: Absorptive
shielding is realized by placing a slab of RF absorber material
between the two antennas as illustrated in Figure 2. The
material used in our experiments is Eccosorb AN-79 [22] free-
space RF absorber. AN-79 is a broadband, tapered loading
absorber made from polyurethane foam impregnated with a
carbon gradient. It is a 4.25 inch slab that can be cut to fit
the application. The manufacturer’s data sheet indicates that
AN-79 can provide up to 25 dB of absorption.

3) Implementation of Cross-polarization: The L-Com
HGV-2406 antennas used in the directional-antenna configura-
tions are dual-polarized as indicated in Figure 2, which means
they have two ports: one excites a horizontally polarized mode,
and the other a vertically polarized mode. By measuring the
coupling between both co-polarized and cross-polarized ports,
we can study the impact of cross-polarization on the self-
interference channel. Most commercial omnidirectional anten-

Dual-polarizedRF Absorber

Fig. 2: Shielding via RF absorver and cross-polarization via
dual-polarized antennas.

nas support only a single polarization mode,2 and such is the
case for the L-Com HGV-2406 antennas used in the omnidirec-
tional configurations of Figure 1, which only support vertical
polarization. Thus passive suppression via cross-polarization
was not studied in the omnidirectional configurations.

B. Environments
In order for the measurements to be as repeatable as possi-

ble, the first stage of the passive suppression characterization
was performed in a shielded anechoic chamber to minimize
reflections and interference from other sources. After the
measurements were performed in the anechoic chamber, they
were repeated in a highly reflective room to observe the effect
of environmental reflections. The room used was roughly 30
ft. ⇥ 60 ft. with metal walls and a low metal ceiling, intended
to represent a worst case reflection environment for practical
deployments.

2Most commercial omnidirectional antennas are implemented as an electric
dipole or an electric monopole, which only support a vertically polarized
mode. Directional antennas, however, are commonly implemented as circular
or rectangular patches, which can support two modes: one with vertical
polarization and the other with horizontal polarization.
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Figure 2: Block diagram of a wireless full-duplex node.
Colored blocks correspond to different techniques for
self-interference cancellation. The power splitters intro-
duce a 6dB reduction in signal, thus power from TX1
is 6dB lower compared to power from TX2, without the
need for an additional attenuator.

This paper introduces an additional mechanism, Antenna
Cancellation to further reduce the effect of self-interference.
After combining antenna cancellation with RF interference
cancellation, the received digital samples retain enough res-
olution of the desired received signal that digital interference
cancellation techniques become feasible. A brief overview
of the antenna cancellation scheme follows.

2.2 Antenna Cancellation
This scheme uses the insight that transmissions from two

or more antennas result in constructive and destructive inter-
ference patterns over space. In the most basic implementa-
tion, the transmission signal from a node is split among two
transmit antennas. A separate receive antenna is placed such
that its distance from the two transmit antennas differs by an
odd multiple of half the wavelength of the center frequency
of transmission.

For example, if the wavelength of transmission is �, and
the distance of the receive antenna is d from one transmit
antenna, then the other transmit antenna is placed at d+�/2
away from the receive antenna. This causes the signal from
the two transmit antennas to add destructively, thus causing
significant attenuation in the signal received, at the receive
antenna.

Destructive interference is most effective when the signal
amplitudes at the receiver from the two transmit antennas
match. The input signal to the closer transmit antenna is at-
tenuated to get the received amplitude to match the signal
from the second transmit antenna, thus achieving better can-
cellation. A general implementation could use differently
placed or more than three antennas to achieve better cancel-
lation.

Figure 2 shows a block diagram of a system incorporat-
ing all the techniques for full-duplex operation. The per-
formance limitations of RF interference cancellation using
noise cancellation circuits and of digital interference cancel-
lation have already been discussed. It is of interest to ana-
lyze and observe the performance of the antenna cancellation
scheme.

3. ANTENNA CANCELLATION
This section analyzes the possible reduction in self-interference

by using antenna cancellation. It also evaluates its limits
with respect to bandwidth of the signal being transmitted and
the sensitivity of antenna cancellation to engineering errors.
It shows, using actual measurements, that antenna cancella-
tion achieves 20dB reduction in self-interference. This sec-
tion also evaluates the effects of using two transmit anten-
nas for antenna cancellation on the communication range. It
shows that antenna cancellation degrades the received signal
at other nodes in the network by at most 6dB compared to
the single antenna setup.

3.1 Performance of Antenna Cancellation
In an ideal scenario, the amplitudes from the two transmit

antennas would be perfectly matched at the receiver and the
phase of the two signals would differ by exactly ⇡. However,
we find that the bandwidth of the transmitted signal places
a fundamental bound on the performance of antenna cancel-
lation. Further, real world systems are prone to engineering
errors which limit system performance. The sensitivity of
the antenna cancellation to amplitude mismatch at the re-
ceive antenna and to the error in receive antenna placement
is important to consider.

To analyze the reduction in interference using antenna can-
cellation, we look at the self-interference signal power at the
receive antenna after antenna cancellation. It is derived in
Appendix A to be:
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where Aant is the amplitude of the baseband signal, x[t],
at the receive antenna received from a single transmit an-
tenna. ✏

A
ant is the amplitude difference between the received

signals from the two transmit antennas at the receive an-
tenna. ✏

d
ant represents the error in receiver antenna place-

ment compared to the ideal case where the signals from the
two antennas arrive ⇡ out of phase of each other. This equa-
tion lets us evaluate the sensitivity of antenna cancellation
to receive antenna placement, change of transmit frequency,
and amplitude matching at the receive antenna.

✏

d
ant captures the effect of bandwidth on antenna cancel-

lation. Consider a 5MHz signal centered at 2.48GHz. Thus,
the signal has frequency components between 2.4775GHz
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Everett, Evan, Achaleshwar Sahai, and Ashutosh Sabharwal. 
"Passive self-interference suppression for full-duplex 
infrastructure nodes."



Stanford design
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RF filter

tennas of around 40cm (the designs also assume some form of metal
shielding between the TX and RX antennas to achieve 50dB isola-
tion). Note that this 50dB reduction applies to the entire signal, in-
cluding linear and non-linear components as well as transmitter noise
since it is pure analog signal attenuation. Next, these designs also use
an extra transmit chain to inject an antidote signal [6, 9] that is sup-
posed to cancel the self-interference in analog. However, the antidote
signal only models linear self-interference components and does not
model non-linear components. Further, it is incapable of modeling
noise because by definition noise is random and cannot be modeled.
Overall this extra cancellation stage provides another 30dB of linear
self-interference cancellation in the best case. Thus, these designs
provide 80dB of linear cancellation, 50dB of non-linear cancellation
and 50dB of analog noise cancellation, falling short of the require-
ments by 30dB for the non-linear components. Hence if full duplex
is enabled over links whose half duplex SNR is 30dB or lower, then
no signal will be decoded. Further to see any throughput improve-
ments with full duplex, the half duplex link SNR would have to be
greater than 50dB.

The second design [11] gets a copy of the transmitted analog signal
and uses a component called the balun (a transformer) in the analog
domain to then create a perfectly inverted copy of the signal. The
inverted signal is then connected to a circuit that adjusts the delay
and attenuation of the inverted signal to match the self interference
that is being received on the RX antenna from the TX antenna. We
show experimentally in Sec. 5, that this achieves only 25dB of ana-
log cancellation, consistent with the prior work’s results. The can-
cellation is limited because this technique is very sensitive to and
requires precise programmable delays with resolution as precise as
10picoseconds to exactly match the delay experienced by the self-
interference from the TX to the RX antenna. Such programmable
delays are extremely hard to build in practice, at best we could find
programmable delays with resolution of 100�1000picoseconds and
these were in fact the ones used by the prior design [11]. Hence
the cancellation circuit is never able to perfectly recreate the inverted
self-interference signal and therefore cancellation is limited to 25dB
in analog. However this design also uses two separate antennas sep-
arated by 20cm for TX and RX and achieves another 30dB in analog
cancellation via antenna isolation. Hence a total of 55dB of self-
interference reduction is obtained in analog, this cancellation applies
to all the signal components (linear, non-linear and noise). The digi-
tal cancellation stage of this design also only models the linear main
signal component, it does not model the non-linear harmonics that
we discussed above. Thus we found that we obtain another 30dB of
linear cancellation from digital in this design.

Overall, the second design provides 85dB of linear self-interference
cancellation, 55dB of non-linear cancellation and 55dB of analog
noise cancellation. Thus this design falls short of the requirements
by 25dB (especially for the non-linear component). Hence if full du-
plex is enabled over links whose half duplex SNR is 25dB or lower,
then no signal will be decoded. Further to see any throughput im-
provements with full duplex, the half duplex link SNR would have
to be greater than 45dB.

3. OUR DESIGN
In this section we describe the design of our self-interference can-

cellation technique. Our design is a single antenna system (i.e. the
same antenna is used to simultaneously transmit and receive), wide-
band (can handle the widest WiFi bandwidth of 80MHz as well as all
the LTE bandwidths) and truly full duplex (cancels all self-interference
to the receiver noise floor). The design is a hybrid, i.e., it has both
analog and digital cancellation stages. Note that our hybrid cancel-
lation architecture is not novel, similar architectures have been pro-
posed in prior work [11, 20, 19]. The novelty of our work lies in
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Figure 3: Full duplex radio block diagram. T
b

is intended baseband signal
we think we are transmitting, but in fact the transmit signal is T (red). The
intended receive signal is R (green), however we see strong components of
the red signal the RX side. Some of these red signals are undesirably leaked
through the circulator. The analog cancellation circuit is trying to recreate a
signal that matches the leaked interference signal for cancellation. The digital
cancellation stage eliminates any residual self interference.

the design of the cancellation circuits and algorithms, as well as their
performance. To the best of our knowledge this is the first technique
that achieves 110dB of cancellation and eliminates self-interference
to the noise floor.

3.1 Analog Cancellation
We introduce a novel analog cancellation circuit and tuning algo-

rithm that robustly provides at least 60dB of self-interference cancel-
lation. Fig. 3 shows the high level design of the circuit and where it
is placed in the radio architecture. A single antenna is connected to
a circulator (at port 2), which is a 3 port device that provides limited
isolation between port 1 and port 3 while letting signals pass through
consecutive ports as seen in Fig. 3. The TX signal is fed through
port 1, which routes it to the antenna connected to port 2, while the
received signal from the antenna is passed from port 2 through to
port 3. Circulator cannot completely isolate port 1 and port 3, so
inevitably the TX signal leaks from port 1 to port 3 and causes inter-
ference to the received signal. From our experiments we find that the
circulator only provides 15dB of isolation, i.e., the self-interference
that is leaking to the RX circuit is reduced only by 15dB. To get to
the noise floor, we still have to provide 95dB of cancellation, and
at least 45 dB of that has to come in analog to ensure transmitter
noise is sufficiently canceled and we do not saturate the receiver. We
accomplish this using our novel analog cancellation circuit that we
describe next. Note that when we report analog cancellation perfor-
mance numbers, we include the 15dB of reduction we get from the
circulator for simplicity of description.

Fig. 3 shows the design of our analog cancellation circuit. We
tap the TX chain to obtain a small copy of the transmitted signal
just before it goes to the circulator. This copy therefore includes the
transmitter noise introduced by the TX chain. The copy of the signal
is then passed through a circuit which consists of parallel fixed lines
of varying delays (essentially wires of different lengths) and tunable
attenuators. The lines are then collected back and added up, and this
combined signal is then subtracted from the signal on the receive
path. In effect, the circuit is providing us copies of the transmit-
ted signal delayed by different fixed amounts and programmatically

Cancel a few dominant paths

Figure 6: Experimental set-up of our full duplex transceiver

Analog Cancellation Board: The analog cancellation board is a
10⇥10 cm PCB board designed and built using Rogers 4350 ma-
terial. The fixed delay lines are implemented using micro-strip trace
lines of different fixed lengths. The attenuators are programmable
step Peregrine PE43703 [17] attenuators which can be programmed
in steps of 0.25dB from 0 to 31.5dB for a total of 128 different val-
ues.
Radio Transceiver and Baseband: Our goal was to design and im-
plement a full duplex system that was capable of supporting the lat-
est WiFi protocol 802.11ac with least 80MHz of bandwidth in the
2.4GHz range and 20dBm average TX power. Unfortunately none
of the widely used software radios, such as USRPs or WARPs, sup-
port such high performance; at best they are capable of supporting
20MHz bandwidths. For that reason, we prototyped our design us-
ing radio test equipment from Rohde and Schwarz. For our trans-
mitter, we used a SMBV 100A vector signal generator [16] to send
our desired WiFi signals. Since the SMBV is not capable of generat-
ing 20dBm power, we use an external power amplifier [18]. For the
receiver, we use the RS spectrum analyzer [15].

A practical concern is how to kick-start re-tuning of analog can-
cellation. Specifically if analog cancellation drops below a thresh-
old, then the receiver might get saturated and the feedback needed to
tune is distorted. To tackle this we implemented an AGC via a digital
tunable attenuator in front of the LNA. The idea is that if the base-
band detects that the receiver is getting saturated, then it programs
the attenuator to a large value which brigs the whole signal down to
within the dynamic range. After cancellation is tuned, this attenua-
tion is turned off. The FSW is capable of receiving 100MHz signals
at 2.45GHz, down-converting and digitizing it to baseband, and then
giving us access to the raw IQ samples, which we can then freely
process using our own baseband algorithms. The noise floor of this
receiver is -90dBm at 100MHz bandwidth. It has a 16 bit ADC ca-
pable of sampling a 100MHz signal, however to ensure that we are
only using resources found in commodity WiFi cards we configure
the ADC to only use 12 bits of resolution.

The IQ samples are transported via ethernet to a host PC, on which
we implement our cancellation and baseband software. We imple-
mented a full WiFi-OFDM PHY that can be configured to oper-
ate over all the standard WiFi bandwidths (20MHz, 40MHz, and
80MHz). We support all the WiFi constellations from BPSK to 64-
QAM for 40MHz, and 256 QAM for 80MHz. We also support all
the channel codes with coding rates (1/2, 2/3, 3/4 and 5/6 convolu-
tional coding). Finally we also implement our digital cancellation
algorithm in software on the same host PC.

However to show that our design is general and does not benefit
from using expensive test equipment, we also develop an implemen-
tation using standard WARP radios. Due to their radio limitations,

these results will be for 20MHz signals which is the widest that the
WARP supports.

5. EVALUATION
In this section we show experimentally that our design delivers a

complete full duplex WiFi PHY link. We prove the claim in two
stages. First, we show that our design provides the 110dB of self
interference cancellation required to reduce interference to the noise
floor. We also show experimentally that the received signal is re-
ceived with almost no distortion in full duplex mode (the SNR of
the received signal is reduced by less than 1dB on average), and that
these results are consistent across a wide variety of bandwidths, con-
stellations, transmit powers and so on. Second, we take the next
step and design a working full duplex communication WiFi link. We
show experimentally that it delivers close to the theoretical doubling
of throughput expected from full duplex.

We start with an experimental evaluation of the cancellation sys-
tem. We define two metrics we use throughout this section:

• Increase in noise floor: This is the residual interference present af-
ter the cancellation of self interference which manifests itself as
an increase in the noise floor for the received signal. This num-
ber is calculated relative to the receiver noise floor of the radio of
�90dBm. For example, if after cancellation we see a signal energy
of �88dBm, it would imply that we increased the noise floor by
2dB.

• SNR loss: This is the decrease in SNR experienced by the received
signal when the radio is in full duplex mode due to any residual
self interference left after cancellation. To compute this we first
measure the SNR of the received signal when the radio is in half
duplex mode and there is no self interference, and then with full
duplex mode. The difference between these two measured SNRs is
the SNR loss.

We compare our design against two state-of-the-art full duplex
systems presented in prior work.

• Balun Cancellation: This design [11] uses a balun transformer to
invert a copy of the transmitted signal, adjust its delay and attenua-
tion using programmable attenuators and delay lines and cancel it.
The design also uses two antennas separated by 20cm one each for
TX and RX which automatically provides 30dB of self interference
reduction. We implement this design and optimize it to produce the
best performance.

• Rice Design: This design uses an extra transmit chain in addition
to the main transmit chain. The extra chain generates a cancellation
signal that is combined with the signal on the receive chain to cancel
self interference. This design also uses two antennas and to make a
fair comparison we use a 20cm separation as the balun based design.
However we also provide results with 40cm separation since that
was the value used in the prior work. We implement this design
by using an extra signal generator as an extra transmit chain for
cancellation.

Note that our design uses a single antenna and therefore does not
have the benefit of the 30dB of self interference reduction that prior
schemes enjoy from using two physically separate antennas.

5.1 Can we cancel all of the self interference?
The first claim we made in this paper is that our design is capa-

ble of canceling all of the self interference for the latest operational
WiFi protocols. To investigate this assumption, we experimentally
test if we can fully cancel a 80MHz WiFi 802.11ac signal upto a max
transmit power of 20dBm (all of which are the standard parameters
used by WiFi APs), as well as the smaller bandwidths of 40MHz and
20MHz. We conduct the experiment by placing our full duplex radio
in different locations in our building. Further we increase the trans-
mit power from 4dBm to 20dBm (typical transmit power range). For



Digital cancellation
• Linear component   

• Channel filter: Solve least squares 

• Use preamble or known pilots 

• Non-linearities  

• Odd harmonics 

• 3 and 5th harmonics 

• Least squares

y[k] =
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Then the above channel equations can be written specifically for the
preamble as: y = Ah+ w
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Our goal is to find a maximum likelihood estimate of the vector h,
i.e., minimize ||y �Ah||22

Note that the matrix A is known in advance since we know the
values of the preamble samples. Hence it can be pre-computed. Ad-
ditionally, we know from prior work [2] that the coefficients for the
above problem can be computed by multiplying by the ith received
sample of the preamble, as the samples arrive serially as follows:

h =
X

(y
i

a†
i

)

where a†
i

, is the ith column of pseudo inverse of A matrix. Thus our
estimation algorithm computes the linear distortions that the trans-
mitted main signal has gone through for every packet, and is capable
of dynamically adapting to the environment.
3.2.2 Canceling Non-Linear Components

The second task for digital cancellation is to eliminate the residual
non-linear components whose power is around 20dB after being re-
duced by 60dB due to analog cancellation. However, it is quite hard
to guess the exact non-linear function that a radio might be applying
to the baseband transmitted signal. Instead, we use a general model
to approximate the non-linear function using Taylor series expansion
(as this is a standard way to model non-linear functions)[4]. So the
signal that is being transmitted can be written as:

y(t) =
X

m

a
m

x
p

(t)m

where x
p

(t) is the ideal passband analog signal for the digital repre-
sentation of x(n) that we know.

The above general model contains a lot of terms, but the only ones
that matter for full duplex are terms which have non-zero frequency
content in the band of interest. A little bit of analysis for passband
signals (taking the Fourier transform) of the equation above reveals
that the only terms with non-zero energy in the frequency band of
interest are the odd order terms (i.e., the terms containing x

p

(t),
x
p

(t)3, x
p

(t)5 and so on), so we can safely ignore the even order
terms. The first term that is the linear component, i.e., the terms for
x
p

(t) is of course the one corresponding to the main signal and is
estimated and canceled using the algorithm discussed in the previous
section. In this section, we focus only on the higher-order odd power
terms. We can therefore reduce the above model and write it in the
digital baseband domain as:
y(n) =

X

m2 odd terms,n=�k,...,k

x(n)(|x(n)|)m�1 ⇤ h
m

(n)

where h
m

[n] is the weight for the term which raises the signal to
order m and is the variable that needs to be estimated for cancella-
tion, and k is the number of samples in the past and future which
significantly influence the value of the signal at instant n.

To estimate these coefficients, we can use the same WiFi pream-
ble. The WiFi preamble is two OFDM symbols long of length 8µs,
and assuming a sampling rate of 160MHz, it consists of a total of
1280 digital samples at the Nyquist sampling rate. However, if we
look at the above equation, the number of variables h

m

(n) that we
need to compute is a function of 2k (i.e., how far in the past and
future is the current self-interference signal influenced by) and the
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Figure 5: Signal strength of various harmonics that make up the transmitted
signal. Note that higher order harmonics are much weaker relative to main
component and therefore any reflections of these harmonics have to be quite
closely spaced in time for them to be stronger than the receiver noise floor.

highest value of m that exhibit strength greater than the receiver
noise floor. A naive model assuming that just the 1, 3, 5, 7, 9, 11th
order terms matter, and that upto 128 samples from both the future
and the past influence the self-interference signal at any instant 2

would require us to estimate 128 ⇤ 2 ⇤ 6 = 1536 variables using
1280 equations. Clearly, this is under-determined system, would in-
crease the noise floor significantly.

In practice we found empirically that many of these variables do
not matter, that is their value is zero typically. The reason is that
higher order terms have correspondingly lower power since they are
created by the mixing of multiple lower order terms and each mixing
reduces power. So the 7th order term has lower power than the 5th

order term which has lower power than the 3rd order term. Fig. 5
shows a plot of the strength of of the main signal and higher order
non-linear terms relative to the receiver noise floor. As we can see
higher order terms have weaker strength relative to the main signal,
and consequently their multipath components also decay quickly be-
low the receiver noise floor. In other words, far fewer than 128 sam-
ples from the past and future impact the value of the self interference
harmonic component at this instant. We find empirically that for in-
door WiFi systems, across all the non-linear higher orders, a total of
only 224 such variables are all that we need to estimate which we can
easily accomplish using the WiFi preamble (over-determined system
of linear equation). Hence our digital cancellation algorithm calcu-
lates all these coefficients using the WiFi preamble and applies them
to recreate the harmonics and cancel them. The method for estimat-
ing the coefficients is the same as the one used in the linear digital
cancellation step described by Eq. 3.2.1, but the matrix A is formed
using the higher order odd powers of the preamble samples.
3.2.3 Complexity

The complexity of digital cancellation is the same as solving 1280
(say W, width of preamble in general) linear equations with 224 un-
knowns. Further the matrix that forms the linear equations is known
in advance (this is the known preamble trick as discussed above).
Hence the pseudo-inverse of this matrix can be pre-computed and
stored. Thus the complexity of digital cancellation reduces to O(W )
multiplications. The design is therefore relatively simple to imple-
ment and can be efficiently realized in hardware.
3.3 Dynamic Adaptation of Analog Cancella-

tion
To provide a robust full duplex link, we need to ensure that suf-

ficient cancellation is maintained to reduce self interference to the

2The number of samples required is a function of the amount of mul-
tipath, the higher the mutlipath, the higher the number of samples in
the past and future that matter but 128 is the number suggested by the
WiFi standard and is equal to the length of the WiFi OFDM Cyclic
Prefix



Components to cancel

Ideally, we expect to see only two tones at 2.451GHz and 2.449GHz
as shown on the left side of Fig. 1. However in the transmitted sig-
nal, whose spectrum is plotted on the right side of Fig. 1, we can
easily see that there are several other distortions present in addition
to the two main tones that were transmitted. The main components
in self-interference can be classified into three major categories:

1. Linear Components: This corresponds to the two main tones them-
selves which are attenuated and could consist of reflections from the
environment. These are linear components because the received dis-
tortion can be written as a linear combination of different delayed
copies of the original two tones.

2. Non-Linear Components: These components are created because
radio circuits can take in an input signal x and create outputs that
contain non-linear cubic and higher order terms such as x3, x5.
These higher order signal terms have significant frequency content
at frequencies close to the transmitted frequencies, which directly
correspond to all the other harmonics we see on the right side of
Fig. 1. Harmonics, as the name suggests, are signal distortions
which occur at equally spaced frequency intervals from the trans-
mitted frequencies. As the right side of Fig. 1 shows, we see spikes
at frequencies 2.447GHz and 2.453GHz, that are spaced 2MHz
apart from the two transmitted tones 2.451GHz and 2.449GHz, on
either side.

3. Transmitter Noise: The general increase we see in the base signal
level which we can clearly see on the sides of the two main tones is
noise from the radio transmitter. A radio will of course always have
noise, which works out to a noise power level of -90dBm [15]). But
as we can see, the power at the side-bands is significantly higher, on
the level of �50dBm, or 40dB higher than the receiver noise floor.
This extra noise is being generated from high power components in
the radio transmitter such as power amplifiers. In the radio literature
this is referred to as broadband noise [12]. Further radios have phase
noise generated by local oscillators (LO), which is typically of level
of �40dBm, or 50dB above (not seen in the Fig. 1 because its
hidden under the main signal component).

2.1 Requirements for Full Duplex Designs
The above analysis suggests that any in-band full duplex system

has to be able to cancel all the above distortions in addition to the
main signal component itself, since all of these are within the fre-
quency band we are transmitting and receiving on and act as strong
self-interference to the received signal. In this section, we discuss
how strong each of these components are for typical transceivers,
and what are the requirements for full duplex. We will state all self-
interference power levels relative to the receiver noise floor. The
reason is that to implement full duplex, we need to cancel any self-
interference enough so that its power is reduced to the same level as
the receiver noise floor. There is no point in canceling beyond that
since we won’t see any benefits — the received signal’s SNR will
then be dictated anyway by the receiver noise floor which cannot be
canceled or reduced, just as it is today in half duplex radios.

We use similar experiments for OFDM-wideband signals to quan-
tify the power levels of the different distortions, shown in the left
side of Fig. 2. In a typical WiFi radio using 80MHz bandwidth,
the receiver has a noise floor of �90dBm (1 picowatt). First, since
the main signal component is being transmitted at 20dBm (100mW),
self-interference from the linear main component is 20 � (�90) =
110dB above the receiver noise floor. Second, we observed exper-
imentally that the non-linear harmonics are at �10dBm, or 80dB
above the receiver noise floor. Finally, the transmitter noise is at
�40dBm, or 50dB above the receiver noise floor. Note that these
numbers are consistent with other RF measurement studies reported
in the literature [21] for standard WiFi radios.

There are four takeaways from the above analysis:

• Any full duplex system needs to provide 110dB of linear self-
interference cancellation to reduce self-interference to the receiver
noise floor. This will ensure that the strongest component (the main
signal) which is 110dB above the noise floor will be eliminated.

• A full duplex system has to reduce non-linear harmonic components
that are 80dB above the noise floor, so any full duplex technique has
to provide at least 80dB of non-linear self-interference cancella-
tion.

• Transmitter noise is by definition noise and is random. In other
words, we cannot infer it by any algorithm. Hence the only way to
cancel transmitter noise is to get a copy of it where it is generated,
i.e. in the analog domain and cancel it there. This implies any
full duplex system has to have an analog cancellation component
that provides at least 50dB of analog noise cancellation so that
transmitter noise is reduced to below the receiver noise floor.

• A final constraint is that RX chains in radios get saturated if the
input signal is beyond a particular level that is determined by their
ADC resolution. Assuming a 12 bit ADC resolution typically found
in commodity WiFi radios, we have a theoretical 72dB of dynamic
range, which implies that the strongest signal level that can be input
to the radio relative to the receiver noise floor is �90dBm+72 =
�18dBm. However, in practice it is necessary to leave 2 bits worth
of margin, i.e a 12 bit ADC should be used as if it is a 10 bit ADC to
reduce quantization noise. So the maximum input signal level can
be �90dBm+60 = �30dBm. Since in WiFi, the transmitted self-
interference can be as high as 20dBm, a full duplex system needs
to have an analog cancellation stage that provides 60dB of self-
interference reduction (we keep a further 10dB margin for OFDM
PAPR where instantaneously an OFDM signal’s power level can
rise 10dB above the average power).

To sum up, any full duplex design needs to provide 110dB of linear
cancellation, 80dB of non-linear cancellation, and 60dB of analog
cancellation.
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Figure 2: On the left hand side we see transmitted signal with sub-
components. On the right hand side we see how this impacts the requirements
of analog and digital cancellation.

2.2 Do Prior Full Duplex Techniques Satisfy these
Requirements?

There are two state-of-the-art designs: ones which use an extra
transmit chain to generate a cancellation signal in analog [6] and
ones which tap the transmitted signal in analog for cancellation [11,
3]; both use a combination of analog and digital cancellation. Note
that all these designs use at least two antennas for transmit and re-
ceive instead of the normal single antenna, and the antenna geometry
ones use more than two.

Designs which use an extra transmitter chain report an overall to-
tal cancellation of 80dB (we have been able to reproduce their results
experimentally). Of this, around 50dB is obtained in the analog do-
main by antenna separation and isolation between the TX and RX an-
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Figure 7: Cancellation and increase in noise floor vs TX power for different
cancellation techniques with transmission of WiFi 802.11 signal. Our full
duplex system can cancel to the noise floor standard WiFi signals of 20dBm
at highest WiFi bandwidth of 80MHz, while prior techniques still leave 25dB
of self interference residue, even for the narrower bandwidth of 40MHz.
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Figure 8: Spectrum Response for our cancellation with the Rohde-Schwarz
(RS) radios and the WARP radios. The figure shows the amount of cancella-
tion achieved by different stages of our design. It also shows that our design
provides the same 110dB of cancellation even with WARP radios.

each TX power and location (in total 100) we conduct 20 runs and
compute the average cancellation across those runs and locations.
The goal is to show that we can cancel to the noise floor for a variety
of transmit powers up to and including the max average TX power
of 20dBm. Fig. 7 plots the average cancellation as a function of TX
power. It also plots the corresponding observed increase in noise
floor on the other axis.

Fig. 7 shows that our design essentially cancels the entire self in-
terference almost to the noise floor. In the standard case of 20dBm
transmit power, the noise floor is increased by at most 1dB over the
receiver noise floor. The amount of cancellation increases with in-
creasing TX power, reaching the required 110dB for the 20dBm TX
power. The takeaway is that as the TX power increases, self interfer-
ence increases at the same rate and we need a correspondingly larger
amount of cancellation, which our design provides.
PAPR: Note that these are average cancellation numbers, in practice
our WiFi transmissions exhibit transient PAPR as high as 10dB, so
the peak transmit power we see is around 30dBm. We do not report
the specific numbers for these due to lack of space, but our cancella-
tion system scales up and also cancels these temporary peaks in the
self interference signal to the noise floor.

The prior balun and Rice designs however fare far worse. Further,
since these designs perform very poorly at 80MHz, we only report
their results for the smaller 40MHz WiFi bandwidth and 20dBm TX
power. As we can see, these designs can at best provide 85dB and
80dB of cancellation respectively. In other words they increase the
noise floor by 25dB and 30dB respectively. The reasons for this
are the ones we discussed in Sec. 2.2, the inability to adequately
cancel transmitter noise in analog and the inability to model non-
linear distortions produced by radios. To check if these designs could
be made to work with larger antenna separation, we repeated the

Figure 9: SNR loss vs half duplex SNR at fixed TX power = 20 dBm, con-
stellation = 64 QAM, bandwidth = 80MHz with transmission of WiFi 802.11
signal. Our full duplex system ensures that the received signal suffers negli-
gible SNR loss regardless of the SNR it was received at.

experiment with an antenna separation of 40cm instead of 20cm. We
found that even with an impractical rough half meter separation in
antennas, the noise floor increase is at least 20dB.
5.1.1 Does our design work with commodity radios?

We repeat the above experiment, but instead of the Rohde-Schwarz
test equipment, we use off-the-shelf WARP radios in the setup. The
goal is to show that our design can work with cheap commodity ra-
dios and does not depend on the precision of test equipment. Since
the widest bandwidth that the WARP can support is 20MHz, we only
report results for that bandwidth. Fig. 8 shows the spectrum plot of
canceled signals after different stages of cancellation. For compari-
son, we also plot the spectrum plot of cancellation using the Rohde-
Schwarz equipment.

As we can see, our cancellation completely eliminates self-interference
even with commodity WARP radios. The WARP has a worse noise
floor of �85dBm compared to the �90dBm of the RS equipment.
Hence if we used 20dBm transmit power, then a slightly smaller
105dB of self-interference cancellation is required to eliminate it to
the noise floor. However for consistency, for the WARP experiments
we increase the transmit power to 25dBm to show that our design can
still achieve 110dB of cancellation and eliminate self-interference to
the noise floor.
5.1.2 SNR loss of the Received Signal in Full Duplex

Mode
The previous section provided evidence for the amount of cancel-

lation and increase in noise floor. However the experiments had only
one radio transmitting. A natural question is how well does the sys-
tem work when we are in true full duplex mode, i.e. the radio is
transmitting and simultaneously receiving a signal. In this section,
we evaluate the SNR loss for the received signal when operating in
full duplex mode.

The experiment is conducted as follows. We setup two nodes ca-
pable of full duplex operation in our building. The two nodes first
send 20 WiFi packets (with the following PHY parameters: 80MHz
bandwidth, 20dBm TX power, 64QAM constellation) to each other
one after the other, i.e. they take turns and operate in half duplex
mode. They then send 20 WiFi packets to each other simultaneously,
i.e. they operate in full duplex mode. For each run we measure the
average SNR of the received packets across the 20 packets in half
duplex mode, and then with full duplex mode. We then compute the
SNR loss which is defined as the absolute difference between the av-
erage half duplex SNR and full duplex SNR measured above. We
repeat the experiment at several different locations of the two nodes
in our testbed. We plot the SNR loss as a function of the half duplex
SNR in Fig, 9.

As Fig. 9 shows the SNR loss is uncorrelated with the half duplex
SNR value and is almost identical to the increase in noise floor value
we saw in the previous experiment. The takeaway is that self inter-
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Figure 7: Cancellation and increase in noise floor vs TX power for different
cancellation techniques with transmission of WiFi 802.11 signal. Our full
duplex system can cancel to the noise floor standard WiFi signals of 20dBm
at highest WiFi bandwidth of 80MHz, while prior techniques still leave 25dB
of self interference residue, even for the narrower bandwidth of 40MHz.
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Figure 8: Spectrum Response for our cancellation with the Rohde-Schwarz
(RS) radios and the WARP radios. The figure shows the amount of cancella-
tion achieved by different stages of our design. It also shows that our design
provides the same 110dB of cancellation even with WARP radios.

each TX power and location (in total 100) we conduct 20 runs and
compute the average cancellation across those runs and locations.
The goal is to show that we can cancel to the noise floor for a variety
of transmit powers up to and including the max average TX power
of 20dBm. Fig. 7 plots the average cancellation as a function of TX
power. It also plots the corresponding observed increase in noise
floor on the other axis.

Fig. 7 shows that our design essentially cancels the entire self in-
terference almost to the noise floor. In the standard case of 20dBm
transmit power, the noise floor is increased by at most 1dB over the
receiver noise floor. The amount of cancellation increases with in-
creasing TX power, reaching the required 110dB for the 20dBm TX
power. The takeaway is that as the TX power increases, self interfer-
ence increases at the same rate and we need a correspondingly larger
amount of cancellation, which our design provides.
PAPR: Note that these are average cancellation numbers, in practice
our WiFi transmissions exhibit transient PAPR as high as 10dB, so
the peak transmit power we see is around 30dBm. We do not report
the specific numbers for these due to lack of space, but our cancella-
tion system scales up and also cancels these temporary peaks in the
self interference signal to the noise floor.

The prior balun and Rice designs however fare far worse. Further,
since these designs perform very poorly at 80MHz, we only report
their results for the smaller 40MHz WiFi bandwidth and 20dBm TX
power. As we can see, these designs can at best provide 85dB and
80dB of cancellation respectively. In other words they increase the
noise floor by 25dB and 30dB respectively. The reasons for this
are the ones we discussed in Sec. 2.2, the inability to adequately
cancel transmitter noise in analog and the inability to model non-
linear distortions produced by radios. To check if these designs could
be made to work with larger antenna separation, we repeated the

Figure 9: SNR loss vs half duplex SNR at fixed TX power = 20 dBm, con-
stellation = 64 QAM, bandwidth = 80MHz with transmission of WiFi 802.11
signal. Our full duplex system ensures that the received signal suffers negli-
gible SNR loss regardless of the SNR it was received at.

experiment with an antenna separation of 40cm instead of 20cm. We
found that even with an impractical rough half meter separation in
antennas, the noise floor increase is at least 20dB.
5.1.1 Does our design work with commodity radios?

We repeat the above experiment, but instead of the Rohde-Schwarz
test equipment, we use off-the-shelf WARP radios in the setup. The
goal is to show that our design can work with cheap commodity ra-
dios and does not depend on the precision of test equipment. Since
the widest bandwidth that the WARP can support is 20MHz, we only
report results for that bandwidth. Fig. 8 shows the spectrum plot of
canceled signals after different stages of cancellation. For compari-
son, we also plot the spectrum plot of cancellation using the Rohde-
Schwarz equipment.

As we can see, our cancellation completely eliminates self-interference
even with commodity WARP radios. The WARP has a worse noise
floor of �85dBm compared to the �90dBm of the RS equipment.
Hence if we used 20dBm transmit power, then a slightly smaller
105dB of self-interference cancellation is required to eliminate it to
the noise floor. However for consistency, for the WARP experiments
we increase the transmit power to 25dBm to show that our design can
still achieve 110dB of cancellation and eliminate self-interference to
the noise floor.
5.1.2 SNR loss of the Received Signal in Full Duplex

Mode
The previous section provided evidence for the amount of cancel-

lation and increase in noise floor. However the experiments had only
one radio transmitting. A natural question is how well does the sys-
tem work when we are in true full duplex mode, i.e. the radio is
transmitting and simultaneously receiving a signal. In this section,
we evaluate the SNR loss for the received signal when operating in
full duplex mode.

The experiment is conducted as follows. We setup two nodes ca-
pable of full duplex operation in our building. The two nodes first
send 20 WiFi packets (with the following PHY parameters: 80MHz
bandwidth, 20dBm TX power, 64QAM constellation) to each other
one after the other, i.e. they take turns and operate in half duplex
mode. They then send 20 WiFi packets to each other simultaneously,
i.e. they operate in full duplex mode. For each run we measure the
average SNR of the received packets across the 20 packets in half
duplex mode, and then with full duplex mode. We then compute the
SNR loss which is defined as the absolute difference between the av-
erage half duplex SNR and full duplex SNR measured above. We
repeat the experiment at several different locations of the two nodes
in our testbed. We plot the SNR loss as a function of the half duplex
SNR in Fig, 9.

As Fig. 9 shows the SNR loss is uncorrelated with the half duplex
SNR value and is almost identical to the increase in noise floor value
we saw in the previous experiment. The takeaway is that self inter-
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d

(t) in the analog domain. The derivative canceler is implemented in the analog domain after down conversion
and before the ADC. This block is represented as g

d

dx

, where g represents the tunable complex gain of the IQ paths.

Where ˆ

E(t) is the down converted error signal E(t). It can
be easily shown that
Z

⌫

�⌫

x(t)x

0
(t)dt =

Z
⌫

�⌫

ˆ

E(t)x

0
(t)dt =

Z
⌫
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x(t)

ˆ

E(t)dt = 0.

Hence the error simplifies to

�(�1,�2) = |C1 � �1|2px + |�2 � C2|2p0
x

+ p

E

,

where p

x

is the power in x(t) and p

0
x

is the power in
the derivative signal. The above error expression also shows
that the optimization over the signal and its derivative can
be done jointly or individually. Depending on the particular
optimization, various circuits for cancellation can be realized.

A. Cancellation of the signal term

The signal term I

s

(t) can be rewritten as

I

s

(t) = Re[|C1|x(t)ej2⇡fct+j arg(C1)
],

where |C1| represents the absolute value of C1 and arg denotes
the angle (argument) of the complex number. So I

s

(t) can be
obtained by scaling the transmitted RF signal y(t) by |C1|
and phase-shifting the carrier by arg(C1). The scaling can
be achieved by an RF attenuator. The phase change can be
obtained by a vector modulator (or a RF phase shifter). See
Figure 4. A vector modulator just changes the phase of the
carrier and the gain of the signal. So the output of a vector
modulator with x(t) as the input can be modeled as

Z(t) = �Re[x(t)ej2⇡fct+j✓

],

where the ✓ and the gain (or attenuation) � can be appropri-
ately controlled, based on the range and the resolution of the
vector modulator. A simple gradient descent algorithm based
on the error vector magnitude can be used to control the gain
G and the phase ✓. In Figure 5, the spectrum of I(t)� I

d

(t)

is plotted. We observe a frequency dependent residual signal,
indicating the presence of x0

(t).
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Fig. 4: Illustration of a RF vector modulator that can be used
for phase shifting a signal.

B. Cancellation of the derivative term

The derivative term can be canceled in the RF domain or
analog domain (after down conversion) or the digital domain.

1) Analog domain cancellation: A differetiator can be
easily implemented in the analog domain using a resistor in
series with a capacitor across a large gain amplifier. See Figure
3. The real part and the imaginary part (I and Q) have to
be scaled jointly so as to achieve the optimal cancellation.
Alternatively, the cancellation of the signal x(t) can also be
achieved at the analog domain after the down conversion.

2) Digital domain cancellation: A digital domain differen-
tiator can be realized by any filter with response j! in the
frequency domain. However, this filter cannot be realized if
the sampling rate is equal to the Nyquist rate of the signal.
However, a good approximation of the derivative can be
obtained if the signal is over sampled. See Figure 6.

C. Advantages of analog domain cancellation

1) Canceling more self-interference before the analog to
digital converter would increase the bit resolution of the
received signal, thereby improving the effective received
SNR.

2) Digital cancellation would require realizing the filter j!,
which cannot be realized when the sampling rate is equal
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Figure 12: Performance of digital cancellation showing impact of different
components of the algorithm vs TX power with fixed constellation = 64
QAM, bandwidth = 80MHz. Our algorithm cancels the main component,
reflections and harmonics, thus ensuring that self interference is completely
eliminated, and the increase in noise floor less the 1dB. Prior techniques can
not cancel harmonics, and therefore increase the noise by 18dB.

that we have given prior work the benefit of an analog cancellation
of 62dB from our circuit, as we saw before in Sec. 5.1 if we used
their implementation of analog cancellation the numbers are worse.
5.2.4 Dynamic Adaptation

As environmental conditions change, the level of cancellation drops
since the values of the attenuators used will be off w.r.t to the new
conditions. In this section, we evaluate how long it takes to re-tune
analog cancellation, as well as how often it needs to be re-tuned in
our indoor environment. Note that digital cancellation is tuned on
a per-packet basic, hence it is not a concern. Analog cancellation
has to be tuned via a special tuning period during which no data is
transmitted, hence quantifying that overhead is important.

We conduct this experiment in our busy indoor environment with
other WiFi radios and students moving around. Note that an indoor
environment is the worst case scenario for full duplex, because of the
presence of a large number of reflectors near the transmitter. Outdoor
LTE scenarios are less likely to have such strong near-field reflectors,
hence we believe our design extends relatively easily to outdoor LTE
scenarios. We place the full duplex node and conduct analog can-
cellation tuning as described in Sec. 3.3. Specifically, we use the
WiFi preamble to determine the initial settings of the attenuators to
be used to match the frequency response of the circulator and an-
tenna. Next we run a gradient descent algorithm to further improve
the cancellation from that initial point. Each iteration of the gradi-
ent descent consumes 92µs since we have 16 different directions to
compute the gradient one (corresponding to the 16 different attenu-
ators). We compute the time it takes for the analog cancellation to
converge. We repeat this experiment several times for different node
placements and environmental conditions and plot the average con-
vergence time. We also conduct an experiment where we do not use
the initial frequency based tuning and only use gradient descent from
a random starting point for the attenuator values. We show the can-
cellation achieved as function of tuning time on right side of Fig. 13.

As we can see in right side of Fig. 13, our analog tuning converges
in around 920µs, compared to the 40 or more milliseconds it takes
for a pure gradient descent based approach. The reason is that the
frequency based initial point estimation provides a point very close to
optimal, and from that point a few gradient descent iterations allow
us to find the optimal point. Our cancellation algorithm therefore
tunes an order of magnitude faster than a simple gradient descent
based approach.

But an important question is how often do we have to tune? Ana-
log cancellation has to re-tuned when there is a change in the near-
field reflections, since it cancels only the strong components (com-
ponents 50 dB above noise floor, farther out reflections are weaker
than this 50dB threshold). Hence the question is how often do the
near-field reflections change? As expected, this depends on the en-

Figure 13: Left figure shows CDF of near field coherence time. This implies
that we have to retune analog cancellation on an average of every 100 mil-
liseconds. Right figure shows how long it takes for our tuning algorithm to
converge to the required cancellation, after the initiation of tuning. We ob-
serve exponential improvement compared to the gradient descent algorithm
which takes an order of magnitude longer.
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Figure 14: CDF of throughput for full duplex link using TX power = 20
dBm, bandwidth = 80MHz. We see a median gain of 87% using full duplex as
compared half duplex. Further, prior full duplex with two antenna’s separated
by 40cm show gains, only in 8% of cases.

vironment, for the indoor office deployments we used in our exper-
iments we found that we needed to retune once every 100ms on av-
erage (outdoor scenarios would be easier since changes in near field
occur less frequently, and we leave mobile hand-held scenarios to
future work). We show this experimentally in Fig. 13, the left plot
shows the amount of cancellation observed as a function of time af-
ter we have found the optimal operating point from a large collection
of different experimental runs in our testbed. We define the "near
field coherence time" of analog cancellation as the time upto which
the receiver remains unsaturated from when it was tuned, which we
also use as the trigger to rerun the tuning algorithm. As we can see
the near field coherence time for the cancellation is roughly 100 mil-
liseconds. In other words, we have to retune the analog cancellation
once every 100 milliseconds, which leads to an overhead of less than
1%.
5.3 Does Full Duplex Double Throughput?

This section demonstrates experimentally that our design delivers
close to the theoretically expected doubling of throughput for a full
duplex WiFi link. Note that this is a PHY layer experiment, a full
MAC design for full duplex WiFi is beyond the scope of this paper.

We conduct these experiments as follows. We place the two full
duplex nodes at different locations and send trains of 1000 packets
in full duplex mode, and then similar trains for each direction of the
half duplex mode. Each train uses a particular bitrate (from WiFi)
and we cycle through all the bitrates for each location. We pick the
bitrate with the best overall throughput for full duplex, two antenna
full duplex and half duplex respectively. We repeat this experiment
for different locations. We found the SNRs of the links varied uni-

WiFi physical layer
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 is possible!


