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ABSTRACT Finally, we numerically evaluate and compare the RFIC and
Full-duplex (FD) wireless can signilcantly enhance spec- PCB implementations and study various design tradeo#s.
trum e"ciency but requires tremendous amount of self-

interference (SI) cancellation. Recent advances in the RFICCCS CONCEPTS

community enabled wideband RF Sl cancellation (SIC) in ¥ Networks ! Network architectures ; Wireless access
integrated circuits (ICsja frequency-domain equalization  networks¥Hardware ! Wireless deviceRadio frequency
(FDE), where RF llters channelize the Sl signal path. Un- and wireless circuits

like other FD implementations, that mostly rely on delay

lines, FDE-based cancelletan be realized in small-form- KEYWORDS

factor devicedHowever, the fundamental limits and higher Full-duplex wireless; frequency-domain equalization; wide-

layer challenges associated with these cancellers were not pan self-interference cancellation: software-de!ned radios
explored yet. Therefore, and in order to support the integra-

tion with a software-de!ned radio (SDR) and to facilitate ~ACM Reference Format: _ o _
experimentation in a testbed with several nodes, we design Tingjun Chen, Mahmood Baraani Dastjerdi, Jin Zhou, Harish Kr-
and implement an FDE-based RF canceller on a printed cir- ishnaswamy, Gil Zussman. 2019. Wideband Full-Duplex Wireless
cuit board (PCB). We derive and experimentally validate via Frequency-Domain Equalization: Design and Experimentation.

the PCB canceller model and present a canceller conlgu- In The 25th Annual International Conference on Mobile Computing
P 9 and Networking (MobiCom 019), October 21925, 2019, Los Cabos, Mex-

ration scheme based on an optimization problem. We then ico.ACM, New York, NY, USA, 16 pages. https://doi.org/10.1145/
extensively evaluate the performance of the FDE-based FD 3330061.3300138

radio in the SDR testbed. Experiments show that it achieves
95 dBoverall SIC $2 dBfrom RF SIC) acros20 MHzband-
width, and an average link-level FD gain of8I1 . We also 1 INTRODUCTION

conduct experiments in: (i) uplink-downlink networks with ~ Full-duplex (FD) wireless B simultaneous transmission and
inter-user interference, and (i) heterogeneous networks with  reception on the same frequency channel b can signi'cantly
half-duplex and FD users. The experimental FD gains in the improve spectrum e"ciency at the physical (PHY) layer and
two types of networks con!rm previous analytical results. ~ provide many other benelts at the higher layer8g 41. The
They depend on the usersO SNR values and the number ofnain challenge associated with FD is the extremely strong

FD users, and are 1.181.25 and 1.25D1.78, respectively. self-interference (SI) signal that needs to be suppressed, re-
quiring 90110 dB of Sl cancellation (SIC).

Recent work leveraging o#-the-shelf components and
— — , , software-de!ned radios (SDRs) has established the feasibil-
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are not made or distributed for pro't or commercial advantage and that  interface, and SIC in analog/RF and digital domainig, [
copies bear this notice and the full citation on the Irst page. Copyrights 20, 25 32, 34]. However, RF cancellers achieving wideband
for components of this work owned by others than the author(s) must ~ S|C (e.g.,]2 34) rely on transmission-line delays, which
be honored. Abstracting with credit is permitted. To copy otherwise, or cannot be realized in small-form-factor nodes and/or inte-

republish, to post on servers or to redistribute to lists, requires prior specilc L . .
permission and/or a fee. Request permissions from permissions@acm.org.grated circuits (ICS) duetothe requwed Iength for generating

MobiCom 019, October 21925, 2019, Los Cabos, Mexico nanosecond-scale time delays and the lossy nature of the
© 2019 Copyright held by the owner/author(s). Publication rights licensed ~ Silicon substrate.

to ACM.

ACM ISBN 978-1-4503-6169-9/19/10...$15.00 1For instance, obtaining a nanosecond delay in silicon typically requires a
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Figure 1:(a) The frequency-domain equalization- (FDE-) based wide-
band RF canceller implemented using discrete components on a
PCB, (b) the implemented FDE-based FD radio, and (c) the experi-
mental testbed consisting of an FD base station (BS) and 2 users that
can operate in either half-duplex (HD) or FD mode.

A compact IC-basedksign is necessary for supporting
FD in hand-held devices (e.g., handsets and tabl&5 Y4,
49 5Q. Specilcally, recent advances in the RFIC community
allowed achieving wideband RF SIC in IC implementations
based on the technique of frequency-domain equalization
(FDE) B9. In contrast to the delay line-based approaches
(which are essentially performing time-domain equalization),
the FDE-based RF canceller utilizes tunable, recon!gurable,
high quality factor 29-order bandpass !lters (BPFs) with
amplitude and phase controls to emulate the frequency-
selective antenna interface. In general, tunable, high quality
factor BPFs are perhaps as hard to implement on an IC as
nanosecond-scale delay lines. Howeugrpath !lters repre-
sent an exciting advance that has enabled their implementa-
tion in nanoscale CMOS over the past few years [27, 40].

While major advances have been made at the IC level,
existing work (e.g.,49) has several limitations: (i) the funda-
mental limits of the achievable RF SIC based on the technique
of FDE have not been fully understood, (ii) con!guration

schemes for this new type of RF canceller need to be devel-

oped in order to achieve optimized and adaptive RF SIC in
real-world environments, and (iii) the system-level perfor-

mance of such IC-based FD radios has not been evaluated in

di#erent network settings. Therefore, in this paper we focus
on FDE-based RF cancellers.

Since interfacing an RFIC canceller to an SDR presents

numerous technical challenges, we design and implement
an FDE-based RF canceller using discrete components on
printed circuit board (PCB). This canceller appears in Fig. 1(a)
(we refer to it as thePCB cancellgand it emulates its RFIC

counterpart? This FDE-based PCB canceller facilitates the

2The PCB canceller design is available at [4].

a

evaluation of the canceller con!guration scheme and the
experimentation using SDRs in a network with multiple
FD nodes. Moreover, the PCB canceller is more robust and
stable than its IC counterpart and as such can be integrated
in the future in the open-access ORBIT]jand COSMOSJ,

44 testbeds to allow the community to experiment with
wideband compact FD wireless. For example, our previous
narrowbandRF canceller emulating its RFIC counterpadg]

is implemented on a PCB and is integrated in the ORBIT
testbed [2, 17].

We present a realistic model of the PCB canceller. We then
present its con!guration scheme based on an optimization
problem, which allows e"cient adaption of the canceller to
environmental changes. The PCB canceller model is experi-
mentally validated and is shown to have high accuracy. We
implement an FDE-based FD radio by integrating the PCB
canceller with an NI USRP SDR, as depicted in Fig.3Thjs
FD radio achieve85 dBoverall SIC acros20 MHzreal-time
bandwidth, enabling an FD link budget 40 dBmaverage
TX power level and' 85 dBmRX noise $oor. In particular,
52 dBRF SIC is achieved, from whi@0 dBis obtained from
the antenna interface isolation.

We also evaluate the performance and robustness of the
FDE-based FD radio at the link-level in terms of packet re-
ception ratio (PRR) and FD throughput gain, in both line-
of-sight (LOS) and non-line-of-sight (NLOS) settings. The
results show that the FDE-based FD radio achieves an aver-
age FD link throughput gain of 1.881.91. Moreover, the
link SNR di#erence when the radio operates in half-duplex
(HD) and FD modes is less than 1 dB.

Using our testbed (see Fig. 1(c)), we extensively evaluate
the network-level FD gain and con!rm analytical results in
two types of networks: (iJUL-DL networksonsisting of one
FD base station (BS) and two half-duplex (HD) users with
inter-user interference (IUl), and (iheterogeneous HD-FD
networksconsisting of one FD BS and co-existing HD and
FD users. For UL-DL networks, we show experimentally that
the throughput gain is between 1.18€1.25 compared to
1.22 B1.3 predicted by analysis. We discuss the relationship
between the FD gain and UL and DL SNR values, as well
as the IUIl levels. For heterogeneous HD-FD networks, we
demonstrate via experiments the impact of di#erent user
SNR values and the number of FD users on the FD gain. For
example, in a 4-node network consisting of an FD BS and 3
users with various user locations and SNR values, median
experimental FD gains of 1.25and 1.52 can be achieved
when one and two users become FD-capable, respectively.

To the best of our knowledge, this is the !rst experimental
study of FD gains in such networks using a testbed com-
posed of both HD and FD radios. The results demonstrate

3A preliminary version of the system was demonstrated in [19].



the practicality and performance of FDE-based FD radios,
which are suitable for small-form-factor devices. The results

can also serve as building blocks for developing higher layer
(e.g., MAC) protocaols.

Finally, we numerically evaluate the FDE-based cancellers
based on measurements and validated canceller models. We
compute achievable RF SIC under practical constraints and
discuss various canceller design tradeo#s. We also compare
the performance of the RFIC and PCB cancellers. We show
that our optimized canceller con!guration scheme achives an
order of magnitude higher RF SIC than the heuristic scheme
used in the RFIC canceller [49].

To summarize, the main contributions of the paper are:

1. We present the design, implementation, modeling, and
validation of the FDE-based PCB canceller, as well as al
optimized canceller con!guration scheme;

2. We experimentally evaluate the performance of our FDE-
based FD radio with the PCB canceller and the optimized
canceller con!guration, including the achieved overall
SIC and link-level FD gain;

3. We experimentally evaluate the FD throughput gain in
various network settings with di#erent user capabilities
(i.e., HD or FD) and user SNR values.

The rest of the paper is organized as follows. Section 2
reviews related work. In Section 3, we present the problem
formulation and RF canceller designs. We present the design,
implementation, and model of the FDE-based PCB canceller,
as well as the optimized canceller con!guration scheme in
Section 4. The canceller model is experimentally validated
in Section 5. The performance of the FDE-based FD radio
is experimentally evaluated in Sections 6. In Section 7, we
numerically evaluate the FDE-based cancellers, and compare
the RFIC and PCB implementations. We conclude and discuss
future directions in Section 8.

n

2 RELATED WORK

Extensive research related to FD wireless is summarized
in [41], including implementations of FD radios and systems,
analysis of rate gains, and resource allocation at the higher
layers. Below, we brie$y review the related work.

RF Canceller and FD Radio Desid@B.SIC typically involves
two stages: (i) isolation at the antenna interface, and (ii) SIC
in the RF domain using cancellation circuitry. While a sep-
arate TX/RX antenna pair can provide good isolation and
can be used to achieve cancellatiaf 8, 20, 31, 32 39, a
shared antenna interface such as a circulator is more ap-
propriate for single-antenna implementationd?, 23 and

Table 1:Nomenclature

|z],'z Amplitude apd phase of a complex valaez x + ]! (x,! #R),
where|z|= xZ+1Z2and!z=tan'! ';

B Total wireless bandwidth/desired RF SIC bandwidth

K,k Total number of frequency channels and channel index

fy Center frequency of thé&t frequency channel

M Number of FDE taps in an FDE-based RF canceller

Hsi(fk ) Frequency response of the antenna interface

HP () Frequency response of the FDE-based PCB canceller

HP () Frequency response of thé FDE tap in the PCB canceller

A!’, " iP Amplitude and phase controls of thd" FDE tap in the PCB cant
celler

Cri,Cai Digitally tunable capacitors that control the center frequengy
and quality factor of thé " FDE tap in the PCB canceller

with di#erent lengths and amplitude weightinglf and
phase controls 34 are used and their conlgurations are
optimized to best emulate the Sl channel. This essentially
represents an RF implementation of a Inite impulse response
(FIR) !lter. Based on the same RF SIC approach, several FD
MIMO radio designs are presente8, [LQ, 14, 22. FD relays
have also been successfully demonstratedlifh .3 15 29.
Moreover, SIC can be achieved via digital/analog beamform-
ing in FD massive-antenna system4 R§. The techniques
utilized in these works are incompatible with IC implemen-
tations, which are required for small-form-factor devices.
In this paper, we focus on an FDE-based canceller, which
builds on our previous work towards the design of such an
RFIC canceller49. However, existing IC-based FD radios
(e.g., #9) have not been evaluated at the system-level in
di#erent network settings.

FD Gain at the Link- and Network-levAt.the higher layers,
recent work focuses on characterizing the capacity region
and rate gains, as well as developing resource allocation algo-
rithms under both perfect$, 9 and imperfect SIC24, 28 37.
Similar problems are considered in FD multi-antenna/MIMO
systems 26 38 47. Medium access control (MAC) algo-
rithms are studied in networks with all HD userslp 2]]
or with heterogeneous HD and FD user&d. Moreover,
network-level FD gain is analyzed irBp, 42 43 45 and ex-
perimentally evaluated in31, 33 where all the users are HD
or FD. Finally, BQ proposes a scheme to suppress Ul using
an emulated FD radio.

To the best of our knowledge, this the !rst thorough study
of wideband RF SIC achieved via a frequency-domain-based ap-
proach (which is suitable for compact implementations) that is
grounded in real-world implementation and includes extensive
system- and network-level experimentation

3 BACKGROUND AND FORMULATION

is compatible with FD MIMO systems. Existing designs of In this section, we review concepts related to FD wireless
analog/RF SIC circuitry are mostly based on a time-domain and RF canceller con!guration optimization. We also present
interpolation approach 12 34. In particular, real delay lines di#erent RF canceller designs and specilcaully the design of



[ Adaptive Configuration | [pc_| [f1, fk]. We denote byH (fx) the frequency response of an
o | Ex_;\;a;g_ > '": RF canceller and bb‘lres(fk)_ = Hsi(fk) " H(fk) the residuz_:ll

Bascband el Sl channel respondéhe optimized RF canceller con!guration
is obtained by solvindP1)
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Figure 2:Block diagram of an FD radio.

| Pomin: * Test)P = * Hsi(h) " H(P
' k=1 k=1

s.t.: constraints on con!guration parameters bif(fy ), $k.

The RF canceller con!guration obtained by solviig1)
the FDE-based RF canceller. Summary of the main notation minimizes the residual S| power referred to the TX output.

is provided in Table 1. As described in Section 1, one main challenge associated
_ with the design of the RF canceller with responbKfy)
3.1 FD Background and Notation to achieve wideband SIC is due to the highly frequency-

Fig. 2 shows the block diagram of a single-antenna FD ra- Selective antenna interfaceis(fi ). Moreover, an e"cient
dio using a circulator at the antenna interface. Due to the RF canceller con!guration scheme needs to be designed so
extremely strong S| power level and the limited dynamic that the canceller can adapt to time-varyirtgs(fi).

range of the analog-to-digital converter (ADC) at the RX, a

total amount of 90810 dBSIC must be achieved acrossthe 3.3 RF Canceller Designs

antenna, RF, and digital domains. Specilcally, (i) SI suppres- pg|ay | ine-based RF Cancelléks.RF canceller design in-
sion is Irst performed at the antenr_1a interface, (ii) an RF Sl .qquced in [L2 involves usingM delay line taps. Speci!-
canceller then t.aps a reference signal at the output of the cally, theit" tap is associated with a time delay bf, which
TX power ampliter (PA) and performs SIC at the input of 5 yre_selectednd Ixed depending on the selected circu-
the low-noise ampli'er (LNA) at the RX, and (iii) a digital SI  |5¢0r and antenna, and an amplitude control &f. Since
canceller further suppresses the residual Sl. the Fourier transform of a delay df is e 2f$, anM-tap

Consider a wireless bandwidth d that is divided in_toK delay Iine-gased RF canceller has a frequency response of
orthogonal frequency channels. The channels are indexed HOL(f,) = 'MlAi €128 The conlgurations of the am-
iz . !

byk # {1,... K} and denote the center frequency of thé" plitude controls,{A;}, are obtained by solvingP1)with
channel byf, .* We denote the antenna interface response by H(f) = HPL(fy). In [1d, an RF canceller ofl = 16 de-

Hsi(fi) with amplitude [Hs (fic)| and phase Hsi(fi). Note 1oy jine taps is implemented. In34, a similar approach
that the actual Sl channel includes the TX-RX leakage from &"-nsidered withM = 3 and an additional phase con-
the qntenna interface as well as the TX a_nd RX trar_ls_fer trol, " on§ach tap, resulting in an RF canceller model of
functions at the baseband from the perspective of the digital HPL(f) = * 3. A6 1@*8+1). As mentioned in Section 1
= . )

canceller. Since the paper focuses on achieving wideband RFaIthough such cancellers can achieve wideband SIC, this ap-

SIC, v;/e US?{Ska.) to dﬁnotehthe ar':}\clenne}mterface re;p?nse proach is more suitable for large-form-factor nodes than for
and also refer to it as th&l channeWe refer toTX/RX isola- compact/small-form-factor implementations.

tion as the ratio (indB, usually a negative value) between the

residual SI power at the RX input and the TX output power,  Amplitude- and Phase-based RF Cancelfecempact design
which includes the amount of TX/RX isolation achieved by  that is based on an amplitude- and phase-based RF canceller

both the antenna interface and the RF canceller/circuitry. yealized in an RFIC implementation is presented 48| This
We then refer toRF SiGs the absolute value of the TX/RX canceller has a sing'e_tap with one amp"tude and frequency

isolation. We aISO refer tGDVEI’a” SI@S the tOta| amount ControL (AO, " 0): Wh|Ch can emu|ate the antenna interface,
of SIC achieved in both the RF and digital domains. The an- Hg(f, ), atonly onegiven cancellation frequenc, by set-
tenna interface used in our experiments typically provides a ting Ag = |Hsi(f1)] and" ¢ = ! Hgi(f1). The same design is

TX/RX isolation of around' 20 dB. also realized using discrete components on a PCB (without

. using any length delay lines), and is integrated in the ORBIT
3.2 Problem Formulation testbed for open-access FD researt [ However, this type
Ideally, an RF canceller is designed to best emulate the an-of RF cancellers has limited RF SIC perfromacne and band-
tenna interfaceHs(fx), across a desired bandwidtB, = width, since it can only emulate the antenna interface at a

“We use discrete frequency valud$, } since in practical systems, the Smgle frequency'

antenna interface response is measured at discrete points (e.g., per OFDM . .
subcarrier). However, the presented model can also be applied to cases with AN FDE-based RF Cancell@ne compact design to achieve

continuous frequency values. signilcantly enhanced performance and bandwidth of RF
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Figure 31(a) Block diagram of an FDE-based RF canceller with M = 2
FDE taps, and (b) illustration of amplitude and phase responses of
anideal 2"9-order BPF with amplitude, phase, center frequency, and
quality factor (i.e., group delay) controls.

SIC is based on the technique of frequency-domain equaliza-

tion (FDE) and was implemented in an RFIEY. Fig. 3(a)

shows the diagram of an FDE-based canceller, where parallel

Attenuator BPF Phase Shifter Power

Power
Divider

RLC Resonance
Tank

Transfor
Network

Impedance Transformation
Network

Figure 4Block diagram of the implemented M = 2 FDE taps in the
PCB canceller (see Fig. 3(a)), each of which consists of an RLC band-
pass !lter (BPF), an attenuator for amplitude control, and a phase
shifter for phase control.

recon!gurable bandpass !lters (BPFs) are used to emulate s g facilitate integration with an SDR platform, the experi-
the antenna interface response across wide bandwidth. We mentation of FD at the link/network level, and integration

denote the frequency response of a general FDE-based RFyjth open-access wireless testbeds. We then present a realis-

canceller consisting ol FDE taps by

HP(f) = ¥ HEPR(h), ®
i=1
whereHPE(f, ) is the frequency response of th& FDE tap
containing a recon!gurable BPF with amplitude and phase
controls. Theoretically, anyn"-order RF BPA{ = 1,2,...)

tic PCB canceller model, which is later validated (Section 5)
and used in the experimental and numerical evaluations
(Sections 6 and 7).

4.1 FDE PCB Canceller Implementation
Fig. 1(a) and Fig. 3(a) show the implementation and block

can be used. Fig. 3(b) illustrates the amplitude and phase of adiagram of the PCB canceller with 2 FDE taps. In particular, a

2"d-order BPF with ditterent control parameters. For example,

reference signal is tapped from the TX input using a coupler

increased BPF quality factors result in OsharperO BPF ampliand is split into two FDE taps through a power divider. Then,

tudes and increased group delay. Since it is sho@n §9
that a 29-order BPF can accurately model the FDEpath
lliter, the frequency response of an FDE-based ®€anceller
with M FDE taps is given by

| I N é}éeujuil
I X AT R
Within the i"" FDE tapH| (fc), Al and" | are the amplitude
and phase controls, anfl,; andQ; are the center frequency
and quality factor of the 2%-order BPF (see Fig. 3(b)). In the
RFIC cancellerfc; andQ; are adjusted through a recon!g-

& (2

the signals after each FDE tap are combined and RF SIC
is performed at the RX input. Each FDE tap consists of a
reconlgurable 29-order BPF, as well as an attenuator and
phase shifter for amplitude and phase controls. We refer to
the BPF here as tHeCB BPEo distinguish from the one inthe
RFIC cancelle¢2). The PCB BPF (with size &f5cm! 4cm

see Fig. 4) is implemented as an RLC !lter with impedance
transformation networks and is optimized arour®D0 MHz
operating frequency.When compared to thé\-path !lter
used inthe RFIC cancelle4§ that consumes certain amount

of DC power, this discrete component-based passive RLC

urable baseband capacitor and transconductors, respectively.BPF has zero DC power consumption and can support higher

As Fig. 3(b) and2) suggest, one FDE tap features four de-

grees of freedom (DoF) so that the antenna interfadg(fy ),

can be emulatedot only in amplitude and phase, but also

TX power levels. Moreover, it has a lower noise level than
the RFIC implementation.
The PCB BPF center frequency in tHe FDE tap can be ad-

in the slope of amplitude and the slope of phase (i.e., groufusted through the capacito€r;, in the RLC resonance tank.

delay) Therefore, the RF SIC bandwidth can be signilcantly

In order to achieve a high and adjustable BPF quality factor,

enhanced through FDE when compared with the amplitude- impedance transformation networks including transmission-

and phased-based RF cancellers.

4 DESIGN AND OPTIMIZATION

In this section, we present our design and implementation of

lines (T-Lines) and digitally tunable capacitoGy;i , are intro-
duced. In our implementatiorGg; consists of two parallel

5We select900 MHzaround the Region 2 902R8 MHzISM band as the
operating frequency but the approach can be easily extended to other bands

an FDE-based canceller using discrete components on a PCBe g. 2.4 GH2 with slight modilcation of the hardware design and proper

(referred to as thd>CB cancellgrRecall that the motivation

choice of the frequency-dependent components.



capacitors: a !xed8.2 pFcapacitor and a Peregrine Semi-
conductor PE64909 digitally tunable capacitor (4-bit) with
a resolution 0f0.12 pF ForCq; , we use the Peregrine Semi-
conductor PE64102 digitally tunable capacitor (5-bit) with a
resolution 0f0.39 pF In addition, the programmable attenua-
tor has a tuning range of 0Eb.5 dBwith a 0.5 dBresolution,
and the passive phase shifter is controlled by a 8-bit digital-
to-analog converter (DAC) and covers full 36@nge.

4.2 FDE PCB Canceller Model

Ideally, the PCB BPF has &'2order frequency response from
the RLC resonance tank. However, in practical implementa-

whereHB(fy) is the PCB BPF model given i§§). As a result,
the i FDE tap in the PCB cancellgB) has conlguration
parameterdAP," P Cr;,Cq, }, featuring 4 DoF.

4.3 Optimization of Canceller
Conl!guration

Based or{P1) we now present a general FDE-based canceller
con!guration scheme that jointly optimizes all the FDE taps
in the canceller. Although our implemented PCB canceller
has only 2 FDE taps, both its model and the conlguration
scheme can be easily extended to the case with a larger
number of FDE taps, as described in Section 7.

tion, its response deviates from that used in the FDE-based The inputs to the FDE-based canceller con!guration

RFIC cancellef2). Therefore, there is a need for a valid model
tailored for evaluating the performance and optimized con!g-
uration of the PCB canceller. Based on the circuit diagram in
Fig. 4, we derive a realistic model for the frequency response
of the PCB BPRHE(fx), given by

HE(fi) =R* j sin(2#)ZoYgi (fi)Yai (fi)
+ coS(#)Yri (i) + 2 cog2# )Yqi (fi)
+ ] sin(# )/ Zo + 0.5 sin(H)Zo(Ya, (Fe))?
#

1
" sin?(@#)Z5Yei (f) Yai (F))? (3)
whereYg; (fx) andYqg;i (f) are the admittance of the RLC

resonance tank and impedance transformation networks, i.e.,

Yri (fk) = VRe + j25Ck; f + 1/ (j25LFfk),

Yqi(fk) = URg +j2$Cq,i fx + 1/ (1 2$Lofk).
In particular, to have perfect matching with the source and
load impedance of the RLC resonance taRkandR_ are set
to be the same value ¢l = 500 (see Fig. 4# andZp are the
wavenumber and characteristic impedance of the T-Line with
length! (see Fig. 4). In our implementatioby = 1.65nH,
Lo = 2.85nH,# %1.37rad, andy = 50 .

(4)

scheme are: (i) the PCB canceller mo¢iwith given num-
ber of FDE tapsM, (ii) the antenna interface response,
Hs\(fx), and (iii) the desired RF SIC bandwidtly, # [f1, fk].
Then, the optimized canceller con!guration is obtained by
solving (P2)

P2min: * JHegtol= ® st HPE
- hegsol= | |

st.AP# AR AP 1 "P#["$,$],
CF,i # [CF,miny CF,ma>]a CQ,i # [CQ,minyCQ,mequ $i-

Note that (P2)is challenging to solve due to its non-
convexity and non-linearity, as opposed to the linear pro-
gram used in the delay line-based RF cancelleg].[This is
due to the specilc forms of the conlguration parameters in
(5)such as (i) the higher-order terms introduced Iy, and
(ii) the trigonometric term introduced by the phase control,
" iP. In addition, the antenna interface responsts(fx), is
also frequency-selective and time-varying.

In general, it is di"cult to maintain analytical tractability
of (P2)(i.e., to obtain its optimal solution in closed-form).
However, in practice, it is unnecessary to obtain the global
optimum to (P2)as long as the performance achieved by
the obtained local optimum is su'cient (e.g., at lea4b dB

In addition, other components ".] the PCE? canceller (€.9., g gic js achieved). In this work, the local optimal solution
couplers and power divider/combiner) can introduce extra to (P2) is obtained using a MATLAB solver. The detailed

attenuation and group delay, due to implementation losses.

implementation and performance of the optimized canceller
Based on the S-Parameters of the components and measure

ments, we observed that the attenuation and group delay
introduced, denoted b5 and! F, are constant across fre-
guency in the desired bandwidth. Hence, we empirically set
Ao = "4.1dBand!y = 4.2ns Recall that each FDE tap is
also associated with amplitude and phase contréand

" iP, the PCB canceller with tv%o FDE taps is m%/c(j)eled by

(5)

HP(fi) = Age'12% flAf’e"""f' HE(fi)

5The details can be found in Appendix A.

con!guration are described in Section 6.2.

5 MODEL VALIDATION

Validation of the PCB BPW/e !rst experimentally validate

the PCB BPF modetiB(fy), given by(3) The ground truth

is obtained by measuring the frequency response (using S-
Parameters measurements) of the PCB BPF using a test struc-
ture, which contains only the BPF, to avoid the e#ects of other
components on the PCB. The measurements are conducted

"The RFIC canceller presented i is con!gured based on heuristics. In
Section 7, we show that the optimized con!guration scheme can signi!cantly
improve the RFIC canceller performance.



Table 2:Four (Cr, Cq) conlgurations used in the validations. 10 _— 190 hEE h‘.
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Lowest Center Freq.| Set 2:(Crmax Comin) | Set 4:(Crmax Comax < ---Set 2 model ---Set 4 model O
3 A Set2meas v Set4 meas 180 B! 4
850 875 900 925 950 850 875 900 925 950

0 30 Frequency (MHz) Frequency (MHz)
@ 5 S Of Figure 6:Modeled and measured amplitude and phase responses of
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Figure 5:Modeled and measured amplitude and phase responses of ?‘ttenuatlon OT Only:.l'55 dB(see Sectlon 4.1) and at this max-
the implemented PCB BPF under di*erent  (Cr, Cq) conlgurations imal attenuation, signals can still leak through the FDE tap,
indicated in Table 2. resulting in inseparable behaviors between the two FDE taps.

To minimize the e#ect of the second FDE tap, we set the
Irst FDE tap at its highest amplitude (i.e., lowest attenuation
value ofAi’) with varying values of(Cg 1, Cg 1) while setting
the second FDE tap with the lowest amplitude (i.e., highest
attenuation value oﬂg). Fig. 6 shows the modeled and mea-
sured amplitude and phase responses of the PCB canceller
in this case, i.e., only the !rst FDE tap is active. At the high-
est BPF quality factor value (Sets 1 and 2), the maximum

using only the RLC resonance tank. By settifig = Cq max di#terences between the modeled and measured amplitude

e e e o o, 1 e r9GBands; epoctva. AL e oest 5P
"9 X " quality . : -©.TeSp quality factor value (Sets 3 and 4), the errors 4B dBand
tively. Th'.s shows an improvement n the PCB BPF ql.Ja“ty 12, while still validating the PCB canceller model. We obtain
factor tuning range of 3.4PD6.6 , achieved by introducing '

the impedance transformation networks. Similarly, by set- similar results in the case where only the second FDE tap is
fing Ce = Cr max@NACr = Cr i the PCB BPF has a center active by setting highest attenuation value Aﬁ’ and low-

i P
frequency tuning range of 18 MHz. est attenuation value of’,. The measurements are repeated

Fig. 5 presents the modeled and measured amplitude ang With di#erent {A"," 7, Cri, Cqi} settings fori = 1,2, and all
phase responses of the PCB BPF wit{C4, Cq) con!gura- ?géiiﬂiﬁ:ﬁ;ggéﬁ; the same level of accuracy of the
tions (see Table 2) which cover the entire tuning range of the '

BPF center frequency and quality factor. The results show

that the PCB BPF mod€B) matches very closely withthe 6 EXPERIMENTAL EVALUATION

measurements_ atthe highest_BPF qu_ality factor value (Sets 1 In this section, we discuss the integration of the PCB can-
and 2). In particular, the maximum diferences between the celler described in Section 4 with an SDR testbed. Then, we
measured_and modeled amplitude and_phase(hﬁejBand present extensive experimental evaluation of the FDE-based
7i, respectively. At the lowest BPF quality factor value (Sets D radio at the node. link. and network levels

3 and 4), the di#erences afe2 dBand 15, thereby show- T '

ing the validity of the PCB BPF model. The same level of

accuracy of the PCB BPF mod8)is also observed for other 6.1 Implementation and Testbed

(Cr, Cq) contgurations within their tuning ranges. FDE-based FD Radio and the SDR Testigs. 1(b) and 1(c)

Validation of the PCB Cancellaie use the same experi- depict our FDE-based FD radio design (whose diagram is
ments as in the PCB BPF validation to validate the PCB Shownin Fig. 2) and the SDR testbed. A 698BMHzswivel
canceller model with 2 FDE tapsP(fi), given by(5). We blade antenna and a coaxial circulator with operating fre-

consider two cases for controlled measurements: (i) only one dUency range 86050 MHzare used as the antenna interface.
FDE tap is active, and (i) both FDE taps are active. Note e use the NI USRP-2942 SDR with the SBX-120 daughter-

that the programmable attenuators only have a maximal P0ard operating ab00 MHzcarrier frequency, which is the
same as the operating frequency of the PCB canceller. As

8We drop the subscript, since both PCB BPFs behave identically. mentioned in Section 4.1, our PCB canceller design can be

with varying (Cr, Cg) con!gurations and the result of each
conlguration is averaged over 20 measurement instanges.
The BPF center frequency is measured as the frequency with
the highest BPF amplitude, and the BPF quality factor is com-
puted as the ratio between the center frequency and #dB
bandwidth around the center frequency.

The PCB BPF has'aed quality factor of 2.7, achieved by
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easily extended to other operating frequencies. and the an- < 01
tenna interface. The USRP has a measured noise $oor of & **
" 85dBm at a Ixed receiver gain settiry.

We implemented a full OFDM-based PHY layer using
NI LabVIEW on a host P& A real-time RF bandwidth of
B = 20 MHzis used through our experiments. The baseband
complex (IQ) samples are streamed between the USRP and
the host PC thro‘_‘gh_a high-speed PCI-Expr_ess mt(_erface' The Figure 7(a) Real and imaginary parts of the optimized PCB canceller
OFDM symbol size is 64 samples (subcarriers) with a cyclic- response, HP(f), vs. real-time SI channel measurements, Hsg(fi),
pre!x ratio of 0.25 (16 samples). Throughout the evaluation, and (b) modeled and measured RX signal power after RF SIC at
{fx }Il<<=:152 is used to represent the center frequency of the 52 10dBmTX power. An average 52 dBRF SIC across20 MHzis achieved
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non-zero subcarriers. The OFDM PHY layer supports various
modulation and coding schemes (MCSs) with constellations
from BPSK to 64QAM and coding rates of 1/2, 2/3, and 3/4,
resulting in a highest (HD) data rate &4 Mbps The digital
SIC algorithm with a highest non-linearity order of 7 is also
implemented in LabVIEW to further suppress the residual Sl
signal after RF SI&t

In total, our testbed consists of 3 FDE-based FD radios,
whose performance is experimentally evaluated at the node,
link, and network levels. Regular USRPs (without the PCB
canceller) are also included in scenarios where additional
HD users are needed.

Optimized PCB Canceller Configuratidine optimized PCB
canceller conlguration scheme is implemented on the host
PC and the canceller is con!gured by a SUB-20 controller
through the USB interface. For computational e"ciency, the
PCB canceller respongb) (which is validated in Section 5
and is independent of the environment) is pre-computed and
stored. The detailed steps of the canceller conlguration are
as follows.

1. Measure the real-time antenna interface response,
Hsi(fx), using a preamble (2 OFDM symbols) by dividing
the received preamble by the known transmitted pream-
ble in the frequency domain;

. Solve for an initial PCB canceller con!guration using
optimization (P2)based on the measurddi(fx) and the
canceller mode(5)(see Section 4.3). The returned con!g-
uration parameters are rounded to their closest possible
values based on hardware resolutions (see Section 4.1);

. Perform a Iner-grained local search and record the opti-
mal canceller con!guration (usually-10 iterations).

9This USRP receiver noise $oor is limited by the environmental interference
at around900 MHz The USRP has a true noise $oor of arour@b dBmat

the same receiver gain setting, when not connected to an antenna.

1%e consider a general OFDM-based PHY but do not consider the specilc
frame/packet structure de!ned by the standards (e.g., LTE or WiFi PHY).
11The digital SIC algorithm is based on Volterra series and a least-square
problem, which is similar to that presented iif]. We omit the details here
due to limited space.

in the experiments.
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Figure 8:Power spectrum of the received signal after SIC in the RF
and digital domains with 10 dBmaverage TX power, 20 MHz band-
width, and " 85 dBmreceiver noise #oor.

In our design, the optimized PCB canceller con!guration can
be obtained in less thabhO mson a regular PC with quad-core
Intel i7 CPU via a non-optimized MATLAB solvéf.

6.2 Node-Level: Microbenchmarks

Optimized PCB Canceller Response and RRA/&#Get up an
FDE-based FD radio running the optimized PCB canceller
conlguration scheme and record the canceller con!guration,
measuredHs(fx ), and measured residual S| power after RF
SIC. The recorded canceller con!guration is then used to
compute the PCB canceller response using (5).

Fig. 7(a) shows an example of the optimized PCB canceller
responseHP(fy), and the measured antenna interface re-
sponseHs(fx), in real and imaginary parts (or | and Q). It
can be seen thatlP(f,) closely matches withHg(fy) with
maximal amplitude and phase di#erences of ol dBand
2.5}, respectively. This conlrms the accuracy of the PCB can-
celler model and the performance of the optimized canceller
conlguration. Fig. 7(b) shows the modeled (computed by
subtracting the modeled canceller response from the mea-
suredHg(fx)) and measured RX signal power after RF SIC
at 10 dBmTX power. The results show that the FDE-based

12Assuming that the canceller needs to be con!gured once per second, this
is only a 1% overhead. We note that a C-based optimization solver and/or
an implementation based on FPGA/look-up table can signilcantly improve
the performance of the canceller con!guration and is left for future work.
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Figure 10:(a) Line-of-sight (LOS), and (b) non-line-of-sight (NLOS)

Overall SICWe measure the overall SIC achieved by the deployments, and the measured HD link SNR values (dB).

FDE-based FD radio including the digital SIC in the same

setting as described above, and the results are presented in  Fig. 9 shows the relationship between link PRR values and
Fig. 8. It can be seen that the FDE-based FD radio achievesHp link SNR values with varying MCSs. The results show
an averaged5 dBoverall SIC acros20 MHz from which that with su"cient link SNR values (e.g.8 dBfor BPSK-1/2

52 dBand43 dBare obtained in the RF and digital domains, and28 dBfor 64QAM-3/4), the FDE-based FD radio achieves
respectively. Recall from Section 6.1 that the USRP has noiseg |ink PRR of 100%. With insu'cient link SNR values, the
$oor of" 85 dBmthe FDE-based RF radio supports amaximal average FD link PRR is®% lower than the HD link PRR
average TX power 010 dBm(where the peak TX power can  across varying MCSs. This degradation is caused by the link
go as high a0 dBn). We use TX power levels lower than  SNR di#erence when the radios operate in HD or FD mode,
or equal to10 dBmthroughout the experiments, where all  which is described later in Section 6.4. Since packets are

the SI can be canceled to below the RX noise $oor. sent simultaneously in both directions on an FD link, this
) ) ) average PRR degradation is equivalent to an average FD link
6.3 Link-Level: SNR-PRR Relationship throughput gain of 187 under the same MCS.

We now evaluate the relationship between link SNR and link _ ]
packet reception ratio (PRR). We setup up a link with two 6.4  Link-Level: SNR Di"erence and FD
FDE-based FD radios at a !xed distance of 5 meters with Gain

equal TX power. In order to evaluate the performance of our - gynerimental Setufo thoroughly evaluate the link level FD
FD radios with the existence of the PCB canceller, we set throughput gain achieved by our FD radio design, we conduct

an FD radio to operate in HD mode by turning on only its experiments with two FD radios witil0 dBmTX power,
transmitter or receiver. We conduct the following experiment ;o emulating a base station (BS) and one emulating a user.
for each of the 12 MCSs in both FD and HD modes, with \ye consider both line-of-sight (LOS) and non-line-of-sight

varying TX power levels. In particular, the packets are sent (NLOS) experiments as shown in Fig. 10. In the LOS setting,

over the link simultaneously in FD mode or in alternating  {he BSis placed at the end of a hallway and the user is moved

directions in HD mode (i.e., the two radios take tumns and 5,y from the BS at stepsizes of 5 meters up to a distance
transmit to each other). In each experiment, both radios send ¢ 40 meters. In the NLOS setting, the BS is placed in a lab
a sequence of 50 OFDM streams, each OFDM stream containgyyironment with regular furniture and the user is placed

20 OFDM packets, and each OFDM packet is 800-Byte 1ong 4t yarious locations (0"ces, labs, and corridors). We place
We consider two metrics. TheiD (resp. FD) link SNB  ,o B and the users at about the same height across all the
measured as the ratio between the average RX signal power experimentst® The measured HD link SNR values are also
in both directions and the RX noise $oor when both radios ;c|uded in Fig. 10. Following the methodology dfJ, for
operate in HD (resp. FD) mode. T (resp. FD) link PRR g5 yser location, we measure thigk SNR di"erengavhich

is computed as the fraction of packets successfully sent over i jeined as the absolute diterence between the average HD
the HD (resp. FD) link in each experiment. We observe from

Fhe expe_nme_nts that the HD_and FD _I|nI_< SNR an(_j PRRvalues 13, 1his work, we emulate the BS and users without focusing on specilc
in both link directions are similar. Similar experiments and  geployment scenarios. The impacts of diterent antenna heights and user
results were presented in [51] for HD links. densities, as mentioned in [36], will be considered in future work.
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Figure 11Di"erence between HD and FD link SNR values in the (a)
LOS, and (b) NLOS experiments, with 10 dBmTX power and 64QAM-
3/4 MCS.
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Figure 13HD and FD link throughput in the (a) LOS, and (b) NLOS
experiments, with 10 dBmTX power and 16QAM-3/4 and 64QAM-3/4
MCSs.
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Figure 14:An example experimental setup for: (a) the UL-DL net-
works with varying % and %, (b) heterogeneous 3-node network
with one FD BS and 2 FD users, and (c) heterogeneous 4-node net-
works with one FD BS, 2 FD users, and one HD user.

and FD link SNR values. Throughout the experiments, link
SNR values between 0B50 dB are observed. with varying 16QAM-3/4 and 16QAM-3/4 MCSs, where each

Dilerence in HD and FD Link SNR Valu&gg. 11 shows the  Pointrepresents the average throughput across 1,000 packets.
measured link SNR di#erence as a function of the HD link The results show that with su“cient link SNR (e.g30 dBfor
SNR (i.e., for ditterent user locations) in the LOS and NLOS ex- 64QAM-3/4 MCS), the FDE-based FD radios achievexat
periments, respectively, with 64QAM-3/4 MCS. For the LOS link throughput gain of 2 . In these scenarios, the HD/FD
experiments, the average link SNR di#erenc@.6dBwith a link always achieves a link PRR of 1 which results in the
standard deviation 06.16 dB For the NLOS experiments, the ~maximum achievable HD/FD link data rate. With medium
average link SNR di#erence 663 dBwith a standard devia- ~ link SNR values, where the link PRR less than 1, the average
tion of 0.31 dB The SNR di#erence has a higher variance in FD link throughput gains across di#erent MCSs ar®1

the NLOS experiments, due to the complicated environments @nd 183 for the LOS and NLOS experiments, respectively.
(e.g., wooden desks and chairs, metal doors and bookshelvesYVe note that if higher modulation schemes (e.g., 256 QAM)
etc.). In both cases, the link SNR di#erence is minimal and are considered and the corresponding link SNR values are

uncorrelated with user locations, showing the robustness of high enough for these schemes, the HD/FD throughput can

the EDE-based ED radio. increase (compared to the values in Fig. 13). However, con-
sidering such schemes is not required in order to evaluate

Impact of Constellationszig. 12 shows the measured link  the FDE-based cancellers and the FD gain.

SNR di#erence and its CDF with varying constellations and

3/4 coding rate. It can be seen that the Iin!< S_NR di#erence g 5 Network-Level ED Gain

has a mean 00.58 dBand a standard deviation d3.4 dB

both of which are uncorrelated with the constellations.

Fig. 13 shows the average HD and FD link throughput

We now experimentally evaluate the network-level through-
put gain introduced by FD-capable BS and users. The users
FD Link Throughput and Gaifror each user location in the  can signilcanlty bene!t from the FDE-based FD radio suit-
LOS and NLOS experiments, the HD (resp. FD) link through- able for hand-held devices. We compare experimental results
put is measured as the highest average data rate across allto the analysis (e.g.37]) and demonstrate practical FD gain
MCSs achieved by the link when both nodes operate in HD in di#erent network settings. Speci'cally, we consider two
(resp. FD) mode . The FD gain is computed as the ratio be-types of networks as depicted in Fig. 14:@).-DL networks
tween FD and HD throughput values. Recall that the maximal with one FD BS and two HD users with inter-user interfer-
HD data rate is54 Mbps an FD link data rate 0108 Mbps ence (IUl), and (iilneterogeneous HD-FD netwaxdth HD

can be achieved with an FD link PRR of 1. and FD users. Due to software challenge with implementing



h Table 3:Average FD Gain in UL-DL Networks with 1UI.
25 .
2 | o 15 UL SNR%_ | Analytical FD Gain| Experimental FD Gain
& 10dB 1.30 1.29
15 1 15dB 1.23 1.16
20dB 1.22 1.14
10
0.5
5
%0 15 20 25 30 35 40 % 15 20 25 30 35 40 %015 20 25 0 35 40 © of % = 10'1520dB by placing user 1 at three di#erent

DL SNR, v, (dB) DL SNR, 7, (dB) DL SNR, 7, (dB) locations. For each value &§, , user 2 is placed at 10 di#erent
(@)% = 10dB (0)%. = 15dB (©)%. =20dB locations, resulting in varyings. and%y; values.
Figure 15:Analytical (colored surface) and experimental (!lled cir- Fig. 15 shows the analytical (colored surface) and exper-
cles) network throughput gain for UL-DL networks consisting of imental (!lled circles) FD gain, where the analytical gain

one FD BS and two HD users with varying UL and DL SNR val- is extracted using6)and(7), and the experimental gain is
ues, and inter-user interference (IUl) levels: (a) %. = 10dB (b)

%L = 15dBand (c)%L = 20 dB The baseline is the network through- Egrzgz;e?h:fg%;mirn:;fj:sr%% U;nzqgvl\?; tgtﬁ):sggztjvtvellte?]an
put when the BS is HD. L
% and%y lead to higher throughput gains in both analysis

a real-time MAC layer using a USRP, we apply a TDMA set- and experiments. The average analytical and experimental

ting where each (HD or FD) user takes turn to be activated FD gains are summarized in Table 3. Due to practical rea-
for the same period of time. sons such as the link SNR di#erence and its impact on link

PRR (see Section 6.3), the experimental FD gain is 7% lower
6.5.1 UL-DL Networks with IUMe !rst consider UL-DL  than the analytical FD gain. The results con!rm the analy-
networks consisting of one FD BS and two HD users (indexed sis in [37] and demonstrate the practical FD gain achieved
1 and 2). Without loss of generality, in this setting, user 1 in wideband UL-DL networks without any changes in the
transmits on the UL to the BS, and the BS transmits to user current network stack (i.e., only bringing FD capability to
2 on the DL (see Fig. 14(a)). N the BS). Moreover, performance improvements are expected
Analytical FD gain . We use ShannonOs capacity formula through advanced power control and scheduling schemes.
r(% = Baélog,(1+ % to compute theanalytical throughput )
of a link under bandwidthB and link SNR% If the BSisonly ~ 6-5.2 Heterogeneous 3-Node Netwdhklesconsider hetero-
HD-capable, the network throughput in a UL-DL network ~ 9eneous HD-FD networks with 3 nodes: one FD BS and two
when the UL and DL share the channel in a TDMA manner Users that can operate in either HD or FD mode (see an ex-

with equal fraction of time is given by ample experimental setup in Figs. 1(c) and 14(b)). All 3 nodes
have the sam® dBmTX power so that each user has sym-

B B
riCoL = 5100, (1+%1) + 5 log, (1+%1),  (6) metric UL and DL SNR values % (i = 1, 2). We place user
where%, and%, are the UL and DL SNRs, respectively. If 1 at 5 di#erent locations and place user 2 at 10 di#erent loca-

the BS is FD-capable, the UL and DL can be simultaneously tions for each location of user 1, resulting in a total number

activated with an analytical ?etwork th{oughput of of 50 pairs 0f(%, %). .
( o 0 ) Analytical FD gain . We set the users to share the channel in

/@O'- , (1) a TDMA manner. The analytical network throughput in a 3-
1+%u node network when zero, one, and two users are FD-capable

YoL
1+ %er

FD _
NoLoL = Blog, 1+

+Blog, 1+

Y%L

where: (i) g Is the signal-to-interference-plus-noise is respectively given by
ratio (SINR) at the DL HD user, and (#e; is the resid- HD _ § o Eﬁ 0
ual self-interference-to-noise ratio (XINR) at the FD BS. We ' 2 log, (l+(/Q) *3 106, (1+9%). ®)
set%ser = 1 when computing the analytical throughput. HDED % B, " #
Namely, the residual SI power is no higher than the RX noise ~ Useri FD = Blog, 1+ 1+ Y% * 2 log, 1+% . (9)
$oor (which can be achieved by the FDE-based FD radio, see ( o ) ( % )

i .2). i in ! = BI 1+ ——— +BI 1+ —— , (10
Sectien 6.2). Thapalytical FD gairis then de!ned as the r 00, 17 %0 00, 17 % )

ratio r,P. /rHP_ . Note that the FD gain depends on the . o . :
couplinugll:tD)étvt/Jégrlé/gL, %, and, whgi]ch deppend on the whereﬂ/ge”:. 1 |s.sitD§§Lm|laLéq¢§ectlon 651) We consider
BS/user locations, their TX power, etc. both FD gains of r ey F@{r (i.e., user is FD and user
Experimental FD gain . The experimental setup is depicted i ! i is HD), and r™/r"P (i.e., both users are FD).

in Fig. 14(a), where the TX power levels of the BS and user Experimental FD gain . For each pair of%, %), experimen-

1 are set to betOdBmand " 10 dBm respectively. We x tal FD gain is measured in three cases: (i) only user 1 is FD,

the location of the BS and consider di#erent UL SNR values (ii) only user 2 is FD, and (iii) both users are FD. Fig. 16 shows
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Figure 16:Analytical (colored surface) and experimental (!lled cir-
cles) network throughput gain for 3-node networks consisting of
one FD BS and two users with varying link SNR values: (a) only user
lis FD, (b) only user 2 is FD, and (c) both users are FD. The baseline
is the network throughput when both users are HD.
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Figure 17:Measured JainOs fairness index (JFI) in 3-node networks
when both users are HD and FD with varying (%, %).

the analytical (colored surface) and experimental (!lled cir-
cles) FD gain for each case. We exclude the results with
% < 3 dBsince the packets cannot be decoded, resulting in
a throughput of zero (see Fig. 9).

The results show that with small link SNR values, the
experimental FD gain is lower than the analytical value due
to the inability to decode the packets. On the other hand, with
su“cient link SNR values, the experimental FD gain exceeds
the analytical FD gain. This is because settitg; = 1 in
(9)and (10)results in a3 dBSNR loss in the analytical FD
link SNR, and thereby in a lower throughput. However, in
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Network Throughput (Mbps)

Figure 18:Experimental network throughput gain for 4-node net-
works when zero, one, or two users are FD-capable, with 10 dBmTX
power and varying user locations.

are 132 /1.58 /1.73 , respectively. In addition, the JFI in-
creases with higher and more balanced user SNR values,
which is as expected.

6.5.3 Heterogeneous 4-Node Netwadesexperimentally
study 4-node networks consisting of an FD BS and three users
with 10 dBmT X power (see an example experimental setup in
Fig. 14(c)). The experimental setup is similar to that described
in Section 6.5.2. 100 experiments are conducts where the 3
users are placed at di#erent locations with di#erent user
SNR values. For each experiment, the network throughput
is measured in three cases where: (i) zero, (ii) one, and (iii)
two users are FD-capable.

Fig. 18 shows the CDF of the network throughput of the
three cases, where the measured link SNR varies between 5b
45 dB Overall, median network FD gains of23 and 152
are achieved in cases with one and two FD users, respectively.
The trend shows that in a real-world environment, the total
network throughput increases as more users become FD-
capable, and the improvement is more signi!cant with higher
user SNR values. Note that we only apply a TDMA scheme
and a more advanced MAC layer (e.®3) has the potential
to improve the FD gain in these networks.

7 NUMERICAL EVALUATION
In this section, we numerically evaluate and compare the

practice, the packets can be decoded with a link PRR of 1 performance of the FDE-based RFUH[and PCB cancellers

with su"cient link SNRs, resulting in exact twice number of

based on measurements and validated modelson!rm

packets being successfully sent over an FD link. Moreover, that the PCB canceller emulates its RFIC counterpart and

the FD gain is more signilcant when enabling FD capability ~show that the optimized canceller con!guration scheme can
for users with higher link SNR values. signi!cantly improve the performance of the RFIC canceller.

Another important metric we consider is the fairness be- We also evaluate the performance of FDE-based cancellers
tween users, which is measured by the JainOs fairness indexVith respect to the number of FDE tapil, and desired RF
(JF1). In the considered 3-node networks, the JFI ranges be-SIC bandwidthB, and discuss various design tradeo#s.
tween 1/2 (worst case) and 1 (best case). Fig. 17 shows the
measured JFl when both users operate in HD or FD mode. The /-1~ Setup

results show that introducing FD capability results in an av-
erage degradation in the network JFI of only68344.4%7.4%
for % = 1520 25dB, while the average network FD gains

We use a real, practical antenna interface resposg(fy ),
measured in the same setting as described in Section 6.1, and
considerM # {1,2 3,4} andB # {20 40 8Gt MHz. We only



report the RF SIC performance with up to 4 FDE taps since,
as we will show, this case can achieve su“cient RF SIC up
to 80 MHz bandwidth*

We use(2)to both model and evaluate the RFIC canceller
with conlguration parameters{Al,"!, f.;i,Qi}, since it is
shown that a 29-order BPF can accurately model the FDE
N-path lliter [ 27, 49. Similar to (P2)(see Section 4.3), the
optimized RFIC canceller con!guration can be obtained by
solving (P3)with H'(f) given by (2).

®Eymin: * el = st O]
k=1’ T k=l '

stA #[AL L ALLL T #1881,

fqi # [fc,mina fc,ma)Ja Qi # [Qminmeax]- $i-
Note that in [49, there is no optimization of the RFIC can-
celler con!guration, and the canceller is con!gured based
on a heuristic approach. As we will show, the optimized can-
celler scheme outperforms the heuristic approach by an order
of magnitude in terms of the amount of RF SIC achieved.

The implemented PCB canceller includes oy = 2
FDE taps due to its design (see Section 4). However, it is
practically feasible to include more parallel FDE taps. For
numerical evaluation purposes, we model the PCB canceller
with M > 2 FDE taps by extending the validated model
(5)with symmetric FDE taps (i.e., all BPFs in the FDE taps
behave identically). Although the canceller con!guration
scheme has a computational complexity 6f 4i.e., four DoF
per FDE tap), we will show thaM = 4 taps can achieve
su"cient amount of RF SIC in realistic scenarios.

In practice, the canceller conlguration parameters cannot
be arbitrarily selected from a continuous range as described
in (P2)and(P3) Instead, they are often restricted to discrete
values given the resolution of the corresponding hardware
components. To address this problem, we evaluate the can-
celler models in both thédealcase and the caseith practical
guantization constraintsThe canceller con!guration with
guantization constraints are obtained by rounding the con-
Iguration parameters returned by solvingP2)or (P3)to
their closest quantized values.

In particular, the RFIC canceller has the following con-
straints: $i, Al # ["40"10]dB, "! # ["$,$], foi #
[875925]MHz, andQ; # [1,50]. When adding practical
guantization constraints, we assume that the amplituﬁe
has a0.25 dBresolution within its range. Fof‘i', fei, and
Qi, an 8-bit resolution constraint is introduced, which is
equivalent to 8 = 256 discrete values spaced equally in the
given range. These constraints are practically selected and
can be easily realized in an IC implementation. The PCB can-
celler model has following constraint$i, A” # [ 155, 0] dB,

1% select typical values of 280/ 80MHz as the desired RF SIC bandwidth,
since the circulator has a frequency range of 100 MHz.
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Figure 19TX/RX isolation of the antenna interface (black curve) and
with the RFIC and PCB cancellers with varying number of FDE taps,
M # {1 2 3 4}, and desired RF SIC bandwidth, B # {2Q 4Q 80} MHz,

in the ideal case.

"P#["$,$],Cri #[0.6,2.4] pF, andCq; # [2, 14]pF. When
adding the quantization constraints, we consides dB
0.12 pF; and0.39 pFresolution toA”, Cg;, andCq, respec-
tively. For" P, an 8-bit resolution is introduced. These num-
bers are consistent with our implementation and experi-
ments (see Sections 4.1 and 6).

7.2 Performance Evaluation and
Comparison between the RFIC and
PCB Cancellers

Fig. 19 shows the TX/RX isolation achieved by the RFIC and
PCB cancellers with optimized canceller con!guration, with
varying M andB in the ideal case (i.e., without quantization
constraints). It can be seen that: (i) under a given valud&pf
alarger number of FDE taps results in higher average RF SIC,
and (ii) for a larger value oB, more FDE taps are required

to achieve su"cient RF SIC. For example, the ideal RFIC
and PCB cancellers with 2 FDE taps can achieve an average
5046 42dB and 5042 35dB RF SIC across 240 80MHz
bandwidth, respectively.

Fig. 20 shows the TX/RX isolation achieved by the RFIC
and PCB cancellers with optimized canceller con!gura-
tion under practical quantization constraints. Comparing
to Fig. 19, the results show a performance degradation due
to limited hardware resolutions, which is more signilcant as
M increases. This is because a larger valudohtroduces
a higher number of DoF with more canceller parameters
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Table 4:.Comparison between the PCB and RFIC cancellers.

1
g g .
5° 5% i PCB (this work) RFIC [49]
5- 540 7 Center Frequency 900 MHz 1.37GHz
2 fzg d # of FDE Taps 2 2
g_ < s Antenna Interface A single antenna A TX/IRX
= 780 . : = o and a circulator antenna pair
850 875 900 925 950 850 875 900 925 950 Antenna Isolation 20dB 35dB
Frequency (MHz) Frequency (MHz) Canceller SICZ0 MH) 32dB 20dB
10 40MHz 40 MHz Canceller Con!guration | Optimization(P2) Heuristic
2 Digital SIC 43dB N/A
Evaluation Node/Link/Network Node

F
S 8

&
3

-60
-70

8 CONCLUSION
We designed and implemented a PCB canceller using the
FDE technique, which was shown to achieve wideband RF
SIC in compact nodes. We presented a PCB canceller model
and a scheme for optimizing the canceller con!guration. We
experimentally evaluated the performance of the FDE-based
FD radio at the node, link, and network levels using an SDR
testbed. We also compared the RFIC and PCB implementa-
tions and discussed various design tradeo#s of the FDE-based
canceller. Future directions include: (i) better design and im-
plementation of FDE-based canceller to support higher TX
power handling and RF SIC bandwidth, (ii) extension of the
FDE technique to multi-antenna systems, (iii) integration in
open-access testbeds, and (iv) development and experimental
evaluation of resource allocation and scheduling algorithms
that can be $exibly controlled. As a result, the RF SIC perfor- tajlored for FDE-based FD radios.
mance is more sensitive to the coupling between individual
FDE tap responses after quantization. The results show that ACKNOWLEDGMENTS
under practical constraints, the RFIC and PCB cancellers
with 4 FDE taps can still achieve an average 54 45dBand
52 45 39dB RF SIC across 200 80MHz bandwidth, respec-
tively. Fig. 20 also shows that the RFIC canceller under the
optimized con!guration scheme achievesl® dBhigher RF
SIC compared with that achieved by the heuristic approach .
described in [49] (labeled OHeurO). A APPENDIX: THE PCB BPF MODEL

It is interesting to observe that the RF SIC prolle of the ~We use transmission (ABCD) matrix to derivP(f), given
PCB canceller with 2 FDE taps is very similar to our experi- %y ({;2- F$rom Fig. 4%”‘1:@() andYQS);k) |n$‘4),
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Figure 20TX/RX isolation of the antenna interface (black curve) and
with the RFIC and PCB cancellers with varying number of FDE taps,
M # {1 2 3 4}, and desired RF SIC bandwidth, B # {20 4Q 80} MHz,
under practical quantization constraints.
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the PCB cancellers.

0, 0,
mental results (see Fig. 7 in Section 6.2). Itis also worth not- \,, TL 0 ML A)\zu/)
ing that, in practice, adding more FDE taps cannotimprove 1, = Yo(fk) 1 YF(f‘}JQ 1 Yo(fk) 1 lout
the amount of RF SIC in some scenarios (e.g., \2RMHz MBPRf,)  MBPR(f,) 0& t%
bandwidth), which is limited by the quantization constraints. Mépp(f ) MBPF(f ) out— (11)

c \lk D Uk

. . |
However, performance improvement is expected by relax- out

ing these constraints (e.g., through using components with WhereM ™" is the ABCD matrix of a T-Line with wavenumber
higher resolutions and/or wider tuning ranges). #, characteristic impedancgy, and lengthl, Iy

Table 4 shows the comparison between our implemented cos(#) jZosin(#) 12
PCB canceller and the RFIC canceller presentedith [To jsin(#)zZy cos(#) (12)
summarize, we numerically show that the performance of - yith the parameters described in Section 4.1, the frequency
the RFIC and PCB cancellers is similar. The results based onyesponse of the implemented PCB BPE(fy), is given by
measurements and validated canceller models con!rm that Vou(h) 1 Voul(h) 1 1
the PCB canceller accurately emulates its RFIC counterpart, ou = — 5 = — 34 .

y g Vin(f) ~ Rs Tn(fk)  Rs MET(f)

and that the FDE-based approach is valid and suitable for
achieving wideband RF SIC in small-form-factor devices.  Plugging (4) and (12) into (11) yields the mo&lﬁ(f ).

MTL =

HP(f) =
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