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ABSTRACT
Distributed Full-duplex via Wireless Side Channels: Bounds and Protocols
by

Jingwen Bai

In this thesis, we study a three-node full-duplex network, where the
infrastructure node has simultaneous up- and downlink communication
in the same frequency band with two half-duplex nodes. In addition to
self-interference at the full-duplex infrastructure node, the three-node net-
work has to contend with the inter-node interference between the two
half-duplex nodes. The two forms of interferences differ in one impor-
tant aspect that the self-interference is known at the interfered receiver.
Therefore, we propose to leverage a wireless side-channel to manage the
inter-node interference. We characterize the impact of inter-node interfer-
ence on the network achievable rate region with and without a side-channel
between the nodes. We present four distributed full-duplex inter-node in-
terference cancellation schemes, which leverage the device-to-device wire-
less side-channel for improved interference cancellation. Of the four, bin-
and-cancel is asymptotically optimal in high signal-to-noise ratio limit
which uses Han-Kobayashi common-private message splitting and achieves
within 1 bit/s/Hz of the capacity region for all values of channel parame-
ters. The other three schemes are simpler compared to bin-and-cancel but
achieve the near-optimal performance only in certain regimes of channel

values. Asymptotic multiplexing gains of all proposed schemes are derived



to show analytically that leveraging the side channel can be highly ben-
eficial in increasing the multiplexing gain of the system exactly in those

regimes where inter-node interference has the highest impact.
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CHAPTER 1

Introduction

1.1 Three-node Full-duplex Network

Full-duplex wireless communication has recently been shown [5, 8, 4, 9, 10, 17, 14,
13, 16] to promise higher spectral efficiency than the half-duplex paradigm for short
to medium range bi-directional communications when both mobile and infrastruc-
ture nodes are full-duplex, in which the transmission and reception are done in the
same time and frequency signaling dimensions. Most of the work till date on full-
duplex communications has focused on the bidirectional communications between two
nodes. An alternate use of full-duplex capability is a three-node network [14] shown
in Figure 1.1, where a full-duplex infrastructure node can communicate with two half-
duplex mobiles simultaneously to support one uplink and one downlink flow. Since
there is more flexibility in the design of infrastructure nodes, it is possible to suppress
self-interference much more in infrastructure nodes than space-constrained mobile
devices. In fact, well designed passive suppression techniques [13] can extend ranges
significantly in outdoor environments. Thus, we envision that the first adoption of
full-duplex will be at the infrastructure nodes, such as femto base stations and WiFi

access points, while space-constrained mobile devices will continue to be half-duplex.



As shown in Fig. 1.1, the mobile node 1 (M1) is uploading data to the full-
duplex base station while mobile node 2 (M2) is downloading data from base station
simultaneously in the same band. Since wireless communication is broadcast by
nature, the three-node network shown in Figure 1.1 has to deal with two forms of

interferences: self-interference at the full-duplex infrastructure node, and inter-node

interference (INI) from uplink Mobile M1 to downlink Mobile M2.

AN

Ylnter—node InterferenéeY
M1 M2

Figure 1.1: Three-node full-duplex network: inter-node interference becomes an im-
portant factor when the infrastructure node communicates with uplink and downlink
mobile nodes simultaneously.

1.2 Distributed-full-duplex

The two forms of interferences in the three-node network differ in one important as-
pect that the self-interference is known at the interfered receiver, since the transmitter
and receiver are co-located at BS while the inter-node interference is unknown to the
unintended receiver of M2 because the transmitter of M1 and interfered receiver of
M2 is distributed.

In this thesis, we study how a wireless side-channel between Nodes M1 and M2
can be leveraged to manage INI. Conceptually, one can model the co-location of
transmitter and receiver on a full-duplex node as an infinite capacity side channel.
Thus, our use of a wireless side channel between M1 and M2 mimics the inherent

full-duplex side channel but has finite bandwidth and signal-to-noise ratio (SNR) like



any practical wireless channel. The wireless side-channel model is inspired by the fact
that most smartphones support simultaneous use of multiple standards, and can thus
access multiple orthogonal spectral bands. For example, the whole network could be
on a cellular band while the M1-M2 wireless side channel could be in the unlicensed
ISM band.

We label the protocols for communication in side-channel assisted three-node net-
work as distributed full-duplex. In this thesis, we assume that the self-interference has
been suppressed to the noise floor and hence focus on INI.

Note that although we propose distributed full-duplex via wireless side channels for
interference canellation in the three-node full-duplex network, the three-node network
topology is just a motivation example. Our proposed distributed full-duplex is a more
general concept: by leveraging the wireless side channel, we can enable simultaneously
transmission and reception in the same frequency band when the transmitter and
interfered receiver are distributed but within communication range, by analogy to
the self-interference cancellation mechanism used in bidirectional full-duplex (two-
way) communication where the transmitter and interfered receiver are co-located in

the same node.

1.3 Main Contributions

We make the following main technical contributions. First of all, we investigate the
baseline performance of the three-node network without any side channels. We model
the three-node network as a cognitive Z-channel to derive the inner and outer bound
on the capacity region. Asymptotic sum-capacity is established in the high SNR limit.
As expected, a multiplexing gain of two is achievable in the very weak and very strong
interference regimes, but the INI causes the multiplexing gain to reduce significantly

in all other regimes.



Secondly, we propose four distributed full-duplex inter-node interference cancela-
tion schemes by leveraging a device-to-device wireless side channel for improved in-
terference cancellation. The four schemes are labeled bin-and-cancel (BC), compress-
and-cancel (CC), decode-and-cancel (DC) and estimate-and-cancel (EC). All schemes
rely on the side channel, to send information about the INI from Node M1 to Node M2.
Since the side-channel is an orthogonal channel, Node M1 uses the side channel signal
as side information while decoding its signal of interest from BS. As the names sug-
gest, all four schemes encode the M1 signal on the side channel in different ways. Of
the four, bin-and-cancel is the most sophisticated, uses Han-Kobayashi style common-
private message splitting and can achieve within 1 bit/s/Hz of the capacity region
for all values of channel parameters. The other three schemes are simpler compared
to bin-and-cancel but achieve the near-optimal (finite approximation) performance
only in certain regimes of channel values; we derive exact regions of approximate
optimality for decode- and estimate-and-cancel.

Second, we derive the asymptotic multiplexing gains of bin-, compress-, decode-,
estimate-and-cancel schemes. We show analytically that the side information can be
highly beneficial in increasing the multiplexing gain of the system exactly in those
regimes where INI has the highest impact. We provide exact characterization of how
the extra bandwidth of the side channel can be leveraged to achieve the multiplex-
ing gains. As expected, the multiplexing gain scales with the bandwidth of the side
channel and can reach the maximum value which no longer depends on additional
bandwidth of the side channel. Finally, we show numerically that significant multi-
plexing gains are available for finite SNRs of practical interest, and thus our analysis
make a case for using wireless spectrum in a more flexible manner (e.g unlicensed

bands in licensed spectrum).



1.4 Organization of the Thesis

The rest of the thesis is organized as follows. Chapter 2 presents system model and
the impact of inter-node interference in the three-node full-duplex network without
a side channel. In Chapter 3, we propose four distributed full-duplex interference
cancellation schemes for side-channel assisted three-node network and obtain infor-
mation theoretical results on their achievable rates. Chapter 4 gives the bounds on
the capacity region of the side-channel assisted three-node network. Chapter 5 char-
acterizes the performance of different schemes, including both finite SNR results as
well as high SNR capacity approximatons. Chapter 6 opens up the discussion with
respect to spectral efficiency of different systems with/without using the side channel.

Chapter 7 concludes the thesis.



CHAPTER 2
No Side Channel Bounds on Gaussian Three-node

Full-duplex Channel

2.1 System Model

In this section, we will describe the system model to be used for the rest of the thesis.
We assume the self-interference at the full-duplex base station is below the noise
floor, the resulting network is modeled as a as shown in Fig. 2.1. We have per-node
power constraint for each transmitter, let P;, P, denote the total power constraint
for the transmitter of BS and Node M1, respectively. And let W,,, W, denote the
bandwidth for the main channel and side channel, respectively. Parameter W = Wim
represents the bandwidth ratio of the side channel to that of the main channel, where
W e [0, Whax]-
The following equations capture the input-output relationship between transmit-

ted and received signals:

Yi =nXi+ 71 Xe + 23

Yy =7 Xo + 2

YE’) :7§1X3 + Z37



M2

s

Figure 2.1: System model: Z-channel with side channel.

M1

where for i = 1,2, 3, X; is the codeword with input power constraint E(]X;[?) < P,
E(| X, + X3%) < P,. Let Z; be i.i.d. white Gaussian noise with zero mean and
variance of o2. The coefficients 71,7, are the channel gains of the direct link from
the transmitters to their intended receivers, 4} is the channel gain of the interference
link from M1 to M2, and 73, be the channel gain of the side channel from M1 to
M2. To simplify the notation, let SNR; = Hl(l#’ SNR, = @#,INR = Iv%# and
SNRyg, = 22022

There are two independent uniformly distributed index sets s; € [1 : 2"%] i = 1,2,
which belong to base station and uplink M1, respectively. The encoding function
fi i [1: 2] — Cy,k = 1,2,3 yields codewords X" (s;) for block length n. The

nz ! ’ n(L '

Receiver of downlink M2 uses decoding functions g, : Cp, —€ [1 : 2] k = 1,3 to
map the received sequence y; into a message s;. And receiver of base station uses

a decoding function gy : Cy —€ [1 : 2"72] to map the received sequence ¥4 into a



message So.

1
)\1”2

1

)\gn: ZProb (gg(}/gn)) 7§ 82|SQ = 82) R (21>

A'=max (\;,"),1=1,2,

A rate pair (Ry, Ry) is said to be achievable if there exists a sequence of (271, 2% n)
codes such that the maximal probability of error A" goes to 0 as n goes to oo. The

capacity region is the closure of the set of all achievable rate pairs.

2.2 No-side-channel Inner Bound

To start with, we study the inner bound and outer bound on the capacity region of
the Gaussian three-node full-duplex channel to understand the impact of INI. From
Fig. 2.1, let Y3 = 0 and W = 0, thus we can obtain the channel model without side
channel.

We notice that one of the transmitter and receiver pairs in Fig. 2.1 is co-located in
the base station, thus causal information of transmitter M1 is available at the trans-
mitter of base station. This model is similar to the causal cognitive Z-interference
channel [19]. In the cognitive Z-interference channel the transmitter of the secondary
user has access to causal knowledge of the primary user, and there is only one in-
terference link from the primary transmitter to the secondary receiver. Hence the
three-node full-duplex channel can be modeled as cognitive Z-interference channel.

When we do not use the causal information at BS, the resulting channel is classic
Z-channel. The rate region of classic Z-channel is the existing capacity inner bound
of cognitive Z-interference channel. The capacity region of classic Z-channel is estab-

lished in the strong and very strong interference regimes [3, 18] and Han-Kobayashi



strategies [15] yields the best achievable rate region in the weak interference regime.
The sum-rate of classic Z-channel can be achieved by treating interference as noise in
the weak regime and joint decoding in the strong interference regime.

In the cognitive Z-interference channel, we assume that at time ¢, the encoder of
base station will have access to the information sequence sent by M1 up to time ¢ — 1.
The state-of-art approaches based on block markov codes [19, 2] do not seem to help
enhance the achievable rate region over the classic Z-channel (as far as is known to
the author). This might result from the two main reasons below. First of all, in the
two-user interference channel as described in [19], the causal information may help
increase the achievable rate region, since more information can be delivered through
the cross link from secondary user to the primary user by cooperative transmission.
While in our case, one of the cross link has already been removed. The uplink from
M1 to base station is interference-free, therefore uplink rate can not benefit from
the causal information available at base station. Secondly, at time ¢, the way that
the transmitter of base station can obtain the causal message of M1 is by decoding
the message through the direct link between M1 and base station before time 1.
While using block markov codes, the decoding strategies at the receiver involve delay,
whether using backward decoding, successive decoding or sliding window decoding.
Hence we can not take advantage of the decoding schemes for block markov codes.
In [19, 2], the secondary user has access to the causal message of the primary user
through another link which has a different channel gain from the direct link. As
shown in [19], only when the channel gain of the other link is larger than that of the
direct link can the achievable rate region be increased. Otherwise, there would be no
improvement on the achievable rate region. Unlike system model in [19], in our case,
the channel link from which base station can acquire the causal information of M1 is

the same direct link. Hence we may conjecture that this causal information will not
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help improve the achievable sum-rate over Z-channel.
The inner bound on the capacity region for the Gaussian three-node full-duplex

channel is given as follows.

Proposition 1. [Weak Interference Regime [15]] When the channel parameters sat-
1sfy INR < SNRo,

SNR;

< - -

B <0 (1 + BINR
. BINR

< _— .

R, < mm{C’ (SNRy),C (BSNRy) + C <1 n BINR) } (2.2)
SNR;
<
Ri+ Ry <C (SNRy) + C (1 HNR) ,

where B € [0,1],3+ B =1, and C(X) = Wy,log (1 + X).
[Strong Interference Regime [18]] When the channel parameters satisfy SNRy <

INR < SNR; (1 + SNR,),

Ry <C (SNR;)
Ry <C (SNRy) (2.3)

Ry + Ry <C (SNR; + INR) .

[Very Strong Interference Regime [3]] When the channel parameters satisfy INR >
SNRs (1 + SNRy) ,

Ry <C(SNRy) (2.4)

Rs <C'(SNR,).
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2.3 No-side-channel Outer Bound

We also give the outer bound on the capacity of the Gaussian three-node full-duplex
channel. If the base station knows the information of M1 non-causally, which means
the BS not only knows the message of M1 in previous transmission blocks, but also
the message of M1 for future transmission, then the results are trivial. Because by
applying dirty paper coding [6], base station can encode its own message while treating
MT1’s signal as known interference, thus the impact of the inter-node interference can
be eliminated at receiver M2.

Since the base station only has causal knowledge of M1, we can derive the following

theorem according to [11].

Theorem 1. In the weak interference regime defined by INR < SNRy, the capacity

outer bound for the Gaussian three-node full-duplex channel is given by:

Ry <C'(SNRy)

Ry <C (SNRy) (2.5)

aINR + SNR; + 2v/aSNR;INR
1+ oINR ’

Rl + R2 SO(CYSNRQ) + C (

where a € [0, 1], + a = 1.

In the strong interference regime defined by SNRy < INR < INR*, where

INR* = SNRy(1 + SNR;) + 2SNR; — 21/SNR; (SNR; + SNR» + SNR;SNR»), (2.6)
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the capacity outer bound is given by

Ry, <C(SNR;)
Ry <C (SNRy) (2.7)

Ry R, <C (SNR1 +INR + 2\/SNR11NR> .

In the very strong interference regime defined by INR > INR*,

Ry <C(SNRy) 28)

Ry <C (SNRy).

Proof. The bounds on R; and R, come from the point-to-point capacity of AWGN
channel. Messages S1 and S5 are chosen uniformly and independently at random.
X1 is a function of (S1,Y; ™), and we define U; = (S;, Yy, Xi7!) for i € [1,n]. Thus

by Fano’s inequality,

nRy < I(S;Y1") +ne (2.9)

= ZI(Sl,)/hD/lZ_I) —+ ney (210)
=1

< > IS, Y7L Ya) 4 ne (2.11)
=1

< D IS, YSTLY T YG) + e (2.12)
=1

= ) I(S1, Yy XL YY)+ ne (2.13)
=1

= ) I(81, Y3 X Ya) + ney (2.14)
i=1

= ZI(U@,XM;}/M)—FHQ, (215)
=1

where (4.10) and (4.12) follow because X, is a function of (S;, Yy !); (4.11) follows
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because Y/~ — (X1,Y;!) — Yy, forms a Markov chain. And for any codebook of

block length n, we have

< I(S2;Y2"|S1) + neg (2.18)

= Z](SQ;Y%D/;_I,SQ—FTLEQ (219)
i=1

= ) I(Se, YaulYsT', 81, X}) + nes (2.20)
i=1

< > I(Xas, Yail Ui, X13) + ey, (2.21)
i=1

where (4.15) follows from Fano’s inequality; (4.17) follows because X3; is a function
of (Sl, Y;il).

Now by applying the standard time sharing argument, we can obtain

R1+R2 S [(U,thvl)—FI(Xg,Y'Q’U,Xl), (222)

for product distribution p(u)p(xizs|u)p(y1y2|ri2s).
Similarly, in the strong interference regime where I(Xy; Y2| X1, U) < I(Xo; V1| X1, U),

the sum-capacity upper bound is given by

Ri+Ry < I(U X1:Y1)+ I(Xs,Ya|U, X1) (2.23)
= ](U,Xl,Xz;Yl) (2-25)

In the Gaussian channels, the capacity region is upper bounded by Gaussian
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inputs. The auxiliary random variable U captures the correlation between the code-
words X; and X,. We define o = 1 — p?, where p is the correlation coefficient between
X; and X, and « € [0, 1]. Hence the capacity region outer bound can be expressed

in terms of the channel parameters and the power constraints. O

2.3.1 Asymptotic Sum-capacity

As SNR;,SNRy, INR — oo, with their ratios being kept constant, we obtain the

following theorem.

Theorem 2. For the Gaussian three-node full-duplex channel, the asymptotic sum-

capacity 1s established

(

C(SNR;) + C (3EL) INR < SNR;

1+INR

CNO side—channel —

sum C (SNR; + INR) SNR, < INR < SNRy(1 + SNR;)(2-26)

C(SNR;) + C(SNR,) INR > SNRy(1 + SNR,)

\

Proof. We only need to prove that the upper bound on the sum-capacity of Gaus-
sian three-node full-duplex channel is tight as SNRy, SNRs, INR — oo. In the weak
interference regime where INR < SNRjy, when SNR;, SNR,, INR — o0,

oo sidechamnel  160(SNRy) + log(INR + SNRy ) — log(INR) + log(1 + 242 ek Y)

1' sum _ —
s%fi?m?, CNo side—channc] log(SNRy) + log(INR + SNR;) — log(INR)
—00
=1.

The strong interference regime for the sum-capacity lower bound is defined as

SNR, < INR < SNRj(1 4+ SNR;), and the sum-capacity upper bound is defined as
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SNR; < INR < INR*, where

INR* = 2SNR; + SNRQ(l + SNRl) — 2\/SNR1(SNR1 + SNR» + SNR4 SNRQ)

Using L’Hospital’s Rule, we can compute

i INR* y 2SNR; + SNRg(1 + SNRy) — 21/SNR; (SNR; + SNRy + SNR; SNRg)
11m —_—— = 1m
SNRy SNRj, SNRp(1 +SNRy) — SNRySNRy, SNR2(1 + SNRy)

INR— o0 R—o0

=1.

Thus in the strong interference regime, according to L’Hospital’s Rule, we have

Ol sidemchannel _ C (SNR, + INR + 2¢/SNR,INR)
SNRy,SNRoINR—00 (No side—channel SNR1,SNRo.INR >0 C (SNR; + INR)
=1.
[

Therefore, in the high SNR and INR limit, for the Gaussian three-node full-
duplex channel, treating interference as noise and joint decoding are asymptotically
sum-capacity achieving in weak and strong interference regimes, respectively.

For the ease of analysis, let us consider the symmetric channels where SNR; =
SNRy. We define p = % to capture the interference level. Hence we can derive

the asymptotic multiplexing gain of the sum-capacity over signal-user capacity in the

high SNR and INR limit, which is give by

2—pu  0<pu<l
CNO side—channel

MNo side—channel _ Sumc — L 1 S L <9 (227)
awgn

2 > 2

When g = 0, there is no interference. And 0 < p < 1 corresponds to the weak

interference regime while p > 1 corresponds to the strong and very strong interference
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regimes.

In Fig. 2.2, we compute the asymptotic multiplexing gain of the sum-capacity for
the Gaussian three-node full-duplex channel. As delineated in Fig. 2.2, ideally without
interference, perfect full-duplex can achieve an multiplexing of 2 in all regimes. When
INI is very weak, i.e., i is slightly greater than zero, the impact of INT is inappreciable
because the interference can just be treated as noise. On the other hand, when INT is
very strong, i.e., i > 2, the very strong interfering signal can always first be decoded
and then subtracted out. However, when INI is neither very weak nor very strong,

there exists an area where the full-duplex multiplexing gain vanishes quickly.

Ideal
2. nnnnn ~]
Csl‘lllguside—channel 1.8
Ca.wgn
1.6¢
1.4+
1.2+
1 L o L L
0 0.5 1 15 2 25
__ log INR
H = 1og SNR

Figure 2.2: Asymptotic multiplexing gain of the sum-capacity for Gaussian three-node
full-duplex channel as a function of the interference level p.



CHAPTER 3
Four Schemes for Side-channel Assisted

Three-node Network

In the previous section, we have demonstrated the impact of INI. Therefore, how to
alleviate INI is of great importance to increase the multiplexing gain of the three-
node full-duplex network. In the three-node network, the inter-node interference
is unknown to the unintended receiver of M2 because the transmitter of M1 and
interfered receiver of M2 is distributed compared to the known self-interference at
the interfered receiver due to co-location of transceiver at full-duplex node.

By extending the use of self-interference cancellation beyond the original co-
located transmitter-receiver full-duplex node for bidirectional communication, we
propose to leverage a device-to-device side channel for inter-node interference can-
cellation. The prevalence of multi-ratio interfaces on current mobile devices provides
such opportunity to deliver the interfering signal between the two mobile nodes to
manage the inter-node interference. We label the protocols for communication in
side-channel assisted three-node network as distributed full-duplex. In this section, we
will propose four distributed full-duplex inter-node interference canellation schemes

for improved interference cancellation.
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3.1 Bin-and-cancel

The first scheme we propose to leverage the side channel to manage INI is bin-and-
cancel, which uses Han-Kobayashi style common-private message splitting. The main
idea behind BC scheme is to divide the interfering message of Node M1 into two
parts: private message which can only be decoded at the intended receiver Node BS,
and common message which can be decoded at both receivers. Then partition the
common message of M1 into equal size bins, encode the bin indexes into codewords
and send through the side channel. The number of bin indexes is determined by the
rate of the side channel. At the interfered receiver M2, by decoding the common
message of the interfering signal from M1, part of the interference can be subtracted
out while treating the remaining private message of M1 as noise. B By using the
side channel, the bin index can first be decoded from the side channel. Then with
the help of bin index, the uncertainty of decoding the common message of M1 can be
resolved, allowing sending more common message of M1 and mitigating INI. Similar
approach is also adopted in [7, 22]. This binning strategy is also capacity-achieving

for multiple-access channel with side channel, which is given in the following Lemma.

Lemma 1. The capacity region of a multiple-access channel with side channel in

Fig. 3.1 1s

R1 S I(Xl;Y1|X2)
Ry < I(X2;Y1]X1) + 1(X3;Y3)

Ry + Ry < I(Xy,Xo; Y1) + I(X3;Y3),
for some p(x1)p(w2,x3).

Proof. We first give the outline of achievability.

1. Codebook generation: Fix p(x;) and p(xs,x3) that achieves the lower bound.
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M :[1:20P] —x — > Y
v Y3

7
4

M, : [1 : 2"R2] — X //
\X3 //

Figure 3.1: Multiple access channel with side channel.

Randomly and independently generate 2"% sequence z7(my), m; € [1 : 2"
each 1.i.d. according to distribution [ ]}, px, (z1;). Randomly and independently
generate 2" sequence z3(1),1 € [1 : 2"%], each i.i.d. according to distribution
[T, pxs(23;). For each [, randomly and conditionally independently generate
2712 sequence 3 (moll), my € [1 : 27| each iid. according to distribu-
tion []7_; pxyix, (¥2:]xs;). Partition the set [1 : 2"%2] into 2"/ equal size bins,
B(l) = [(I — 1)2rF2=FRs) 1 . [2n(B2=Fs)] [ ¢ [1: 27%]. The codebook and bin

assignments are revealed to all parties.

2. Encoding: Upon observing my € [1 : 2"%2]  assign my to bin B(l). The encoders
send x7(my), x5 (ma|l) over the main channel, and x%(l) over the side channel
in n blocks.

3. Decoding: Upon receiving Y3, the receiver for the side channel declares that lis
sent if it is the unique message such that (22(), Ys*) € T7; otherwise, it declares
an error. Then upon receiving Y7, the receiver for the main channel declares that
(riiy, mig) are sent if it is the unique pair such that (27 (miy), 22 (moll), Y7) € T2

and my € B(I); otherwise, it declares an error.
Therefore, the following rate region is achievable
Rl S I(Xl; Y1|X2)

Ry < I(X2: Y1]X1) + I(X3;Y3)

Ry + Ry < I(Xy,Xo; Y1) + I(X3;Y3),
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for some p(z1)p(z2, x3).

The converse comes from cut-set upper bound.

n(Ry) < I(Xy, X35 V7", Y3'[XT) (3.1)
= (X35 Y, Y3' [ XT) + T(X35 YT, Y3 X, X)) (3-2)
= T(X35 V' [XT) + T(Xg5 Y3' | X7, YY) + H(XG[XT, Xo) — H(XF|XT, X5, Y (33)
= (X35 V' [XT) + I(Xg5 Y3' | X, YY) (3-4)
< I(Xgs YY) + 1(XG5 Y3, (3.5)

where (3.4) follows that X7 is a function of X7, thus
H(X3|XT, Xy) = H(X3|XT, X5, 17", Y31),
and (3.5) follows that

T(X55 YT,V = H(Y|XP YY) — H(YPXT, X3
< H(Y{) — H(YJ|X5) (3.6)

< I(X3Y3").
Similarly, we can also prove that

Ry < I(X1;Y1]|X2)

Ri+ Ry < I(X1, Xo; Y1) + 1(X3;Y3).

For Gaussian MAC with side channel, the above constraints on R, Ry and Ry + R,

will be simultaneously maximized by Gaussian inputs. O

In the Gaussian channels, assuming all inputs are i.i.d. Gaussian distributed
satisfying X1 ~ N(O, Pl),XQQ ~ N(07BS\P2), X22 ~ N(O, 65\P2), and X3 ~ N(O, /\PQ),

respectively, where 8, € [0,1],8+ 8 = 1,A+ A = 1. The parameter A denotes
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the power allocated to the side channel and § denotes the power being split for the

private message of M1. We have the following achievability result.

Txps S1 —Xi " R
olac
S22 — X, -7
N -
Txm Sao —’Xzo/'@?'_’ Y, Rxpg
-

bin | —™ X3 ~
Figure 3.2: Depiction for bin-and-cancel.

Proposition 2. For Gaussian side-channel assisted three-node network, in the weak
interference regime defined by INR < SNRs, the following rate region is achievable

for bin-and-cancel,

SNR;
< _
By <C <1 + BAINR)

)\SNRside
wve ()]

SNR; + SAINR ASNR4ide
! woe [ /=
1+ BMNR ) - ( w ) ’

BAINR
1 + BAINR

Ry + Ry <C (BASNRy) + C (

where BN € (0,1, 3+ 5 =1, A+ =1 and C(X) = W,log (1 + X).
In the strong interference regime defined by SNRy < INR < SNRj (1 + SNR;), the

achievable rate region is

R, <C(SNR;)

Ry <C (ASNRy) (3.8)

/\SNRside)

Ri 4+ Ry <C (SNR; + AINR) + WC ( T

In the very strong interference regime defined by INR > SNRs (1 + SNR;), the
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capacity region s

Ry <C(SNR;) (3.9)

Ry <C (SNR;y)

Proof. The encoding procedure is depicted in Figure 3.2. Using the Han-Kobayashi
common-private message splitting strategy, the common message can be decoded at
both receivers, while private message can only be decoded at the intended receiver.
Message S; is of size 21, and X, is intended to be decoded at Y; only. Message
Sy is divided into common part Sy of size 220 and private part Sse of size 27722
Superpose the codewords of both Sy, and Sy such that Xo = X590 + X9, Then
partition the set [1 : 2"720] into 2" equal size bins, B(l) = [(I — 1)2"F2o—Fs) 11
127(F20=Fs)) 1 [1: 277] and X3(1) is sent through the side channel.

Decoding occurs in two steps. Upon receiving Y3, (Xog, Xo2) are first decoded. The
set of achievable rates (Rgg, Ra2) is the capacity region of a multiple-access channel

denoted as €y, where

Ryy < I(Xo; Ya| Xa9)
Ryy < I(Xa; Ya| Xop) (3.10)

Roo + Ras < I(Xa0, Xa9; Y2),

for some distribution product p(za0)p(za2).
Then upon receiving Y7, Y3, with the help of the side channel (X7, X59) are decoded
treating Xoo as noise. This is a multiple-access channel with side channel. The

capacity region of such channel denoted as €, is established, which is proved in
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Lemma 1. Thus we have

Ry < I(X3;Y1|Xa0)
Rao < I(X20; Y1[X1) + 1(X5;Y3) (3.11)

Ry 4+ Rog < I( Xy, Xo0; Y1) + 1(X5;Y3),

for some distribution product p(z1)p(x20, 3).

In the Gaussian channels, we first split the total transmit power of Node M1
between side channel and main channel, then split the power allocated to the main
channel between the common and private message. Thus when the inputs are i.i.d.
Gaussian distributed satisfying X1 ~ N(0, P;), Xo0 ~ N(0, BAP,), Xas ~ N(0, BAP),
and X3 ~ N(0,\P,), respectively, where 8,\ € [0,1,8+ 8 = LA+ A = 1, we
can obtain the achievable rate region by substituting channels parameters and power

constraints into (3.10) and (3.11). O

Remark 1. In the weak interference regime, BC' scheme contributes to improving the
downlink rate Ry which is limited by the interference from M1. While in the strong
interference regime where INR > SNRy, M1 sends all common message, and there is
no interference at the receiver of M2. In this case, BC scheme enables M1 to deliver
more common message which is restricted by the interference link, thus increasing the

uplink rate Ry.

BC scheme adopts Han-Kobayashi strategy which allows arbitrary splits of total
transmit power between common message and private message in the weak interfer-
ence regime in addition to the power split between the side channel and main channel.
Therefore, the optimization among such myriads of possibilities is hard in general.
We can simplify BC scheme by setting power splitting of private message of M1 at
the level of Gaussian noise at the receiver of M2 in the weak interference regime.

Namely, let the power for the private message Sp; of M1 satisfy INR, = SAINR = 1.
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This particular simple common-private power splitting is used in [12] and is shown to
achieve to within one bit of the capacity region of the general two-user interference

channel. We will use this simplified BC scheme for the capacity analysis.

3.2 Three Simpler Schemes

We propose three simpler schemes compared to BC scheme for encoding X3 and se-
quentially post-processing (Y7, Y3) at Receiver M2. The first is compress-and-cancel,
which simplifies the transmitter design of Node M1. Then we give another two
schemes: decode-and-cancel and estimate-and-cancel, both of which not only sim-

plify the transmitter design of M1, but also the receiver design of M2.

3.2.1 Compress-and-cancel

As shown in Fig. 3.3, for compress-and-cancel scheme, the transmitter design of M1
is simplified compared to BC scheme. Node M1 just sends a compressed version of
the interfering message over the side channel using source coding. Noticing that the
correlated information with the interfering message can be observed at receiver M2,
Wyner-Ziv strategy [21] can be adopted for compression. We first compress X, into
)/(\2, then encode )/(\2 as X3 and transmit over the side channel. At the receiver M2,
with the knowledge of the distribution of Y;, we can recover the interference under
certain distortion and subtract it from the main channel. The capacity of the side
channel should allow reliable transmission of the compressed signal )/(\2

In the Gaussian channels, all inputs are assumed to be i.i.d. Gaussian distributed,
satisfying X; ~ N(0, P1), Xo ~ N(0,\P,) and X3 ~ N(0, \P,), respectively, where

A €[0,1],A+ X = 1. For the ease of analysis, we also assume )/(\2 to be a Gaussian
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Txgs & — Xi——— N

Rxm
/'Y3 ?
/7
S — X ‘ .y
2 — A ——l— Y,
Txns L e Rxgs
Xo— X3

Figure 3.3: Depiction of compress-and-cancel.

quantized version of Xo:

Xo =Xy + 7, (3.12)
where Z, is the quantization noise with Gaussian distribution N(0, 02). We can obtain
the following inner bound,

Proposition 3. For Gaussian side-channel assisted three-node network, the following

rate region is achievable for compress-and-cancel

R <O SNR; (14 SNR; + (1 + SNR; + AINR)[(1 4 253siae )W — 1])
77 \ (1 + SNRy + AINR)[(1 + 25 )W — 1] + (1 + SNRy)(1 + ANR))

R, < C (ASNRy) .

(3.13)

Proof. For compress-and-cancel scheme, the achievable rate region is given by

Ry SI(XUYM)/(;)
Ry <1(X;Y)) (3.14)

Sit. I(Xy; X,|V3) < I(X3; Ys),

for distribution product p(x1)p(z2)p(zs)p(Ta|ra, y1)-
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We have

Ryg,y, = 1(Xa; Xo|V1) < I(Xs; Y3)
= h(X,|V1) — h(Xa|V1, Xa) < I(X3;Y5) (3.15)

5\P2(71P1 + 02) ( ’}/3)\P2)
=Wy,log | 1+ — < Wiog |1+ ,
& ( (’Y1P1+’}/21/\P2+0'2)0'3 & W02

thus we can obtain

XPQ(’ylPl + 0'2)

or > - P . (3.16)
(’Ylpl + ’}/21/\P2 + 0'2)[(1 + %)W - ]-]
And
Ry < I(X1;Y1, Xo)
= m (0] = = .
& ")/21)\P203+U2()\P2—|—0'2>

Since R; is a decreasing function of 02, now we can calculate Ry by substituting (3.16)

into (3.17). And R, is given by

Ry SI(X% Yz) (3 18)

3.2.2 Decode-and-cancel

Decode-and-cancel can lead to a simpler transceiver design for M1 compared to BC
scheme where no common-private message splitting is adopted at the transmitter of

M1, and only single-user decoders are involved at the receiver of M2. In DC scheme,
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the interfering message Sy of Node M1 is encoded into two codewords using two
independent Gaussian codebooks. Then the two codewords are sent, one through the
main channel and the other through the side channel. The message S, is required to
be decoded at both the intended receiver of BS and the side-channel receiver of M2.
After decoding S5 from the side channel, the interference can be cancelled out at the
main-channel receiver of M2.

In the Gaussian channels, all inputs are assumed to be i.i.d. Gaussian distributed,
satisfying X; ~ N(0, P1), Xo ~ N(0,\P,) and X3 ~ N(0, \P,), respectively, where
A € [0,1], A+ = 1. The parameter A denotes the power allocated to the side channel.

We obtain the following inner bound achieved by DC.

Proposition 4. (from [1]) For Gaussian side-channel assisted three-node network,

the following rate region is achievable for decode-and-cancel

R, <C

| i (3.19)
Ry <min {WC (ASN%) ,C (ASNRQ)} .

The decode-and-cancel scheme can also be improved by adopting Han-Koybayashi
common-private message splitting. The private message of M1 is encoded into two
independent codewords and sent over main channel and side channel. The private
message of M1 is required to be decoded from the side channel in addition to its own
intended receiver. After decoding the private message of M1 from the side channel,
the interference from the private part of M1 is cancelled out from the main channel.

When the inputs are i.i.d. Gaussian distributed satisfying X; ~ N(0, P;), Xoo ~
N(0, BAP,), Xop ~ N(0, BAP,), and X3 ~ N(0, A\P,), respectively, we have the results

below.

Proposition 5. For Gaussian three-node full-duplex with side channel, the following

rate region is achievable for decode-and-cancel with Han-Koybayashi common-private
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message splitting

R, <C (SNRl)

_ NRg;
Ry < min{C’ (BASNR3) ,WC <Aswlj”d) } + (3.20)

d o BAINR o BAINR
mm{ (1+SNR1)’ <1+ﬂ/_\SNR2>}'
where B+ 3 =1,3¢€[0,1].

When g =1, i.e., M1 sends all private message, (3.20) will reduce to (3.19).

3.2.3 Estimate-and-cancel

We also propose an estimate-and-cancel scheme which is even simpler than DC
scheme. In estimate-and-cancel, Node M1 will send a scaled version of the waveform
of the interfering signal over the side channel. We estimate the received waveform
Y3 from side channel, rescale it according to X, and cancel it out from Y;. Then the
signal-of-interest can be decoded from its single-user decoder. But in EC scheme, we
have less flexibility in using the side channel since the bandwidth of the side channel is
required to be equal or larger than that of the main channel. Let X3 = K X5, where K
is a scalar (K > 0) satisfying the per-node power constraint, i.e., E(| Xy + X3]?) < Ps.
Thus E(|X2[*) < g
We adopt independently Gaussian codebooks for X; and X, with X7 ~ N(0, P;), X5 ~

N <O, (15—1202> Side-channel signal X3 is correlated with X, with X3 ~ N (0, %),

and correlation coefficient p = 1, where K > 0. The resulting rate of EC is given as

follows,

Proposition 6. For Gaussian side-channel assisted three-node network, the following
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rate region is achievable for estimate-and-cancel

SNR, (14 Ko

(1+K)2
Ry <C i K2SNRyjqe N
(1+K)? (1+K)? (3.21)
SNR,
Ry, <C
L‘(O+KV)

where K > 0.

Proof. For Gaussian channels, by substituting the channel parameters and power

constraint, the achievable rate region can be calculated

Rl SI(Xlu }/17}/3)
=h(Y1,Y3) — (Y1, Y3| X))

K2SNRygide
SNR; (1 + K758 )

K2SNRgide INR (322)
L+ =357 + drwe

=C

Ry <I(X5;Y3)
. SNR,
_C(O+Kﬁ)
]

Remark 2. The achievable rate region of EC can be improved by optimizing the
correlation coefficient between Xo and X3. If the correlation between Xo and X3 is
higher, then less power can be allocated for the side channel due to the per-node power
constraint. Since there is a tradeoff between finding the the correlation coefficient
and the power splitting for the side channel signal, the optimization problem becomes

harder to find the all possible solutions.



CHAPTER 4
Bounds on Capacity Region of Side-channel

Assisted Three-node Network

4.1 New Outer Bound

In this section, we derive a new outer bound to characterize the performance of the
four schemes discussed in Sections 3.1 and 3.2. When there is no INI in the side-
channel assisted three-node full-duplex network, we can obtain the no-interference

outer bound,

Ry <C(SNRy) (1)

R, <C (SNRy)..

However, the no-interference outer bound can be arbitrarily loose. We notice that
one of the transmitter and receiver pairs in Figure 2.1 is co-located at the base station,
thus causal information of M1 is available at the transmitter of BS. Hence we derive a
new outer bound on the capacity region of Gaussian side-channel assisted three-node

network as follows.

Theorem 3. For Gaussian side-channel assisted three-node network under per-node
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power constraint, the capacity outer bound in the weak interference regime, i.e., INR <

SNRy is given by

Ry <C(SNRy)

Ry <C (ASNR»)

aMNR + SNR; + 2v/@ASNR,INR . ASNRyiqe
< _ N )
R1+R2_C< T+ o) INR )+C(a)\S R2)+WC( T )
(4.2)

The capacity outer bound in the strong interference regime, i.e., INR > SNRy is given

by

R, <C(SNR;)

Ry <C (ASNRy) (4.3)

)\SNRside >

Ry + Ry <C <SNR1 + MNR + 21/ XSNRJNR) LWC ( =

where a, A € [0,1],a+a=1, A+ A= 1.

Proof. The bounds on R; and Ry come from the point-to-point capacity of AWGN
channel. The bound on R; + Ry is the sum-rate of Gaussian side-channel assisted
Z channel. Messages S; and S, are chosen uniformly and independently at random,
and Xy, is a function of (Sy,Yy '). We define U; = (S, Y, X{™1) for i € [1,n].

From Fano’s inequality, we have H(S;|Y;") < ¢, for i = 1,2, where n goes to infinity
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as €, goes to zero. By Fano’s inequality, for any codebook of block length n,

nRy < I(Sy; Y], Y5) +ne (4.4)
= IS5 + IS VIV + ey (45)
IS YR+ HOYPIVY) — HOPIYE, S1) + ney (4.6)
< ISy Y) + 1(X55 YY) + ne (4.7)
< Zn: I(S1, Y7V + Zn: I(Xi; Yai) + ney (4.8)

i=1 i=1
< Zn: I(Sy, Y LY h v + zn: I(X5:;Y3i) + ne (4.9)
i=1 =1

= D IS, Y3 L XL YY) + ) I( X Ya) + ne (4.10)

=1 =1

= D IS, Y3 L X1 Vi) + > I(Xsi; Ya) + ney (4.11)
=1 =1

= Z[(Ui,Xu;Yu)+ZI(X3i;Y3¢)+n€1, (4.12)
=1 i=1

where (4.7) follows from H(Y3'|Y?") < H(Y3) and —H (YY", S1) < —H (Y XE);
(4.10) and (4.12) follow because X;; is a function of (S1, Yy ™!); (4.11) follows because

Vit — (X1,Y5') — Yy, forms a Markov chain. And for any codebook of block
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length n , we have

S I(SQ;Y2n|31)+n€2 (415)

= ) I(Sy YulYs, 81) 4 ney (4.16)
=1

= ) I(Se, Yau|Y5T, 81, Xi) + nes (4.17)
=1

< Y I(Xoi, Yai|Us, X14) + nea, (4.18)
=1

where (4.15) follows from Fano’s inequality; (4.17) follows because Xj; is a function
of (Sl, Yéi_l).

Now by applying the standard time sharing argument, we can obtain

Ry+ Ry < I(U,X1; Y1) + [(Xa, YalU, X1) + I(Xa; Ya), (4.19)

for product distribution p(u)p(z1z223|uw)p(y1ya|T12273).
Similarly, in the strong interference regime where I(Xy; Y2| X1, U) < I(X2; V1| X1, U),

the sum-capacity upper bound is given by

< I(U,X1; Y1) + 1(Xo, Y1|U, Xy) + 1(X5;Ys3)

I(U, X1, X5 Y1) + 1(X3;Y3).

In the Gaussian channels, the capacity region is upper bounded by Gaussian

inputs. The auxiliary random variable U captures the correlation between the code-
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words X; and X,. We define a = 1 — p?, where p is the correlation coefficient be-
tween X; and X, and « € [0, 1]. With per-node power constraint, i.e., E(]X;|?) < Py,
E(| X, + X3]?) < P, let power allocated to the side channel be E(|X3|?) = AP, thus
we have E(| X3|?) < AP,, where A € [0,1], A + A = 1. Hence the capacity region outer
bound can be expressed in terms of parameters a, A, channel coefficient and per-node

power constraints. O

4.2 Within One Bit of the Capacity Region

So far, we have explained how to leverage the side channel with four distributed full-
duplex interference cancellation schemes, and in this section we will show how close
can our proposed schemes get to the capacity region.

Let Rpc = g\ Rpc(B8,A) denote the achievable rate region for bin-and-cancel
including all possible power split at Node M1, where SRpc (5, A) denote the achievable
rate region for a fixed power split between common and private information of M1,
as well as side channel and main channel at M1. The main result is given in the

following theorem.

Theorem 4. The achievable region Rpc is within 1 bit/s/Hz of the capacity region of
Gaussian side-channel assisted three-node network, for all values of channel parame-

ters and bandwidth ratio.

Proof. Let 5]%10 denote the difference between the upper bound on R; and achievable
rate Ry in Rpc. Likewise, we have 050 and 05, 5, where all rates are divided by the
total bandwidth W, + Ws. In order to prove the rate pair (R; — 1, Ry — 1) in Rpc is

achievable for any (Ry, Ry) in the capacity region of Gaussian three-node full-duplex
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with side channel, we just need to show that

Spe <1

§BC <1 (4.21)

BC
Op, tRr, <2.

Since the upper bound in the weak interference regime is different from that in the

strong interference regime. We will prove (4.21) for two different cases.

1. In the weak interference regime where INR < SNR,, we use the simplified BC
scheme for comparison when the power splitting of private message of M1 is
set at the level of Gaussian noise at the receiver of M2, i.e., INR, = BAINR =

1. Thus Rpc(f = C Rpc. We can compute Rpc(f = ) directly

) .
XINR AINR

from Proposition 2, by comparing with the new outer bound in (4.2), it is

straightforward to show that

: N
o Wm0 (1 N SRl)

B = w4+ W, 2 + SNR;
1
<1
S1iw S
W, 1+ ASNR, INR
B < __—m 0,1+1 "
B =5 W, max{ o Og( 1+ MNR INR+SNR2)
ASNRgide
— Wlog <1 + I/Vd> }
< Lo (4.22)
1+W —
W, 2/ SNR;INR
oBC L <™ 141 1 -
RitRy S Py ( +log < T 11 SNR, +>\INR>

o 1 + aASNRs, INR
&\ 11 aMNR INR + SNR,

2 <2

<
1+W =

2. In the strong interference regime where INR > SNRy, by substituting the outer
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bound in (4.3) and inner bound achieved by BC in (3.8), we have

Oy, =0

BC
Op, =0 (4.23)

e o W - 24/ ASNR,INR PR
Fathy = Ty 08 1+ SNRy +MNR ) S 1+W =

In the strong interference regime, BC can achieve within half bit of the capacity

region.
[l

We also characterize the capacity gap for two simpler schemes, DC and EC, and
the following theorem quantifies the conditions where DC and EC can achieve within

half bit of the capacity region, respectively.

Theorem 5. 1. For decode-and-cancel, the achievable region Rpc is within % bits/s/Hz
of the capacity region of Gaussian side-channel assisted three-node network when

W > 1, SNRgge > SNRo.

2. For estimate-and-cancel, the achievable region Rgc is within % bits/s/Hz of

the capacity region of Gaussian side-channel assisted three-node network when

2
W e N and SNRyqo = (1+ 2 ) INR.

Proof. 1. We first prove the condition on half bit capacity gap for DC scheme. It
is not difficult to find that the achievable rate of DC is an increasing function
of W. When W > 1, according to [1], Ry > C (%ﬁ%ﬁ;)' Hence when

W > 1, SNRgge = SNRs, comparing with the no-interference outer bound in
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(4.1) we can prove that

Spe =0
W Wm SNRQSNRSide
oPC < ™ oo (1 +SNR 1
R S gy o8 (1 SNRe) = = mrlog (SNR2+SNRside) Lol
10 SNRZ ( . )
W, W &\ SNR, + SNRug. + SNR,SNRom,
1 1
< < —
14w T2

2. For EC scheme, the bandwidth ratio between side channel and main channel is
required to be greater than 1, i.e., W > 1. Comparing rates of EC in Propos-

tion 6 with the no-interference outer bound we have

SNR, (14 K

” m 2} m (1+K)?
0p < ——"—log (1 + SNRy) — ———log [ 1 + —
- SNRgide INR
T W + W W + Wi 1+ S35 + ey

SNR,INR
(1+K)
——log [ 1+
e (1 T e )

Wi, W, SNR
BC <™ 1og (14 SN —m o2
O, < gy, 08 (L SNRe) = e mlog { 14 =
(K+2)SNR
- o (H_m—mf)
SNRa :

(4.25)

The achievable rate region of EC is the union of rate pairs for all possible values

of K, where K > 0. Therefore, when SNRg;qe > <1 + > INR, and we chose

2
V2-1
= /2 — 1, the following inequalities will hold simultaneously

5%1031+lW§%
. . | (4.26)
SEC < < Z
e = 14w — 2
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4.3 Discussion of capacity analysis results

Practical communication systems usually operate in the inference-limited regime, so
the strength of the signal and interference are much larger than the thermal noise. Our
one-bit capacity gap result shows that for all channel parameters and bandwidth ratio,
BC scheme is asymptotic optimal in high SNR, INR limit, because one bit is relatively
small compared to the rate of the users. And in high SNR, the achievable rate region
of BC is a good approximation of the capacity for Gaussian side-channel assisted
three-node network. For the two simple schemes, DC and EC can achieve the near-
optimal (half-bit gap) performance only in certain regimes of channel values. From
the capacity analysis in previous section, we can also find out that the capacity gap for
each scheme is inversely proportional to the bandwidth ratio W, where W € [0, W,ax]-
Often, in practical wireless communication, the bandwidth of side channel is different
from the main channel. For example, ISM band radio can operate on a bandwidth up
to 80 MHz in 2.4 GHz. In contrast, generally the bandwidth of current 3G /4G radio
is 20 MHz. Motivated by the application of leveraging ISM band as the side channel
in a cellular network, the bandwidth of side channel usually is much larger than that
of main channel. If W = W,., for all values of SNR and INR, BC is near-optimal
1

which achieves within ;73— bits/s/Hz of the capacity region.



CHAPTER 5
Performance Comparisons of Proposed Schemes

by Leveraging a Device-to-Device Side Channel

5.1 Finite SNR Multiplexing Gain and Optimal

Power Allocation

log INR
log SNR”

For simplicity, we assume SNR; = SNR; = SNR and we define p = v =

log SNRgide

3 |14
og SNB Parameter i captures the interference level, parameters v and ;. capture

the side channel level compared with main channel. In this paper, we use multiplexing
gain as the metric to characterize the rate improvement by leveraging the side channel

which is given as

Roun(SNR, INR)
Csinglefuser (SNR> ’

M= (5.1)

where Cgingle—user = Winlog (1 +SNR). The single-user capacity is the maximum
uplink/downlink rate in the three-node network. Ideally, a perfect full-duplex can
achieve the maximum multiplexing gain of 2 when there is no interference.

In this section, we will characterize the performance of the schemes proposed in
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Chapter 3 for finite SNR values. Fig. 5.1 depicts the multiplexing gain of each scheme
when SNR=15dB, W =1 and v = pu. Fig. 5.2 shows the corresponding optimal power
allocated to the side channel which maximizes achievable sum-rate of each proposed
schemes. In Fig. 5.1, BC, DC, CC and EC are shown to achieve peak improvement
over no-side-channel one of 1.57, 1.51, 1.41 and 1.22, respectively. The percentage of
optimal power allocated to the side channel is only a small portion of transmit power

in the regime where the proposed schemes offer better performance.
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Figure 5.1: Multiplexing gain of proposed schemes versus no-side-channel achievable
schemes for finite SNR when W =1 and v = p.
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Figure 5.2: Optimal power allocated to the side channel which maximizes achievable
sum-rates of proposed schemes for finite SNR when W =1 and v = p
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The explanation for the behavior of proposed schemes observed in Fig. 5.2 requires
an understanding of the tradeoff for the power allocation between the side channel
and main channel. The optimal power allocated to the side channel of both CC and
BC schemes is a convex function of the interference channel gain according to Fig. 5.2.
Specifically, for CC, when pu, the interference level, is low, as the interference level
increases, more power needs to be allocated to the side channel to help cancel the
interference and increase downlink rate R, which in turn decreases the uplink rate
Ry. When moving to point A, as the interference level increases, both the interference
channel gain and the side channel gain scale as ¥ = u. The optimal power allocated
to the side channel then declines, thus increasing the achievable sum-rate.

For BC, the achievable sum-rate can be expressed as

(%) T min{C (ASNR) ,C (BASNR,) +

0S8=1 (5.2)
BNINR ASNR.ide
C _ we | 22sde ) U
<SNR1 T ANR+1) W

The optimal § can be expressed as

(14+ASNR2)(14+SNR;)—a(1+SNR 1 +AINR) <1
aXSNRz (1+SNR1 +AINR)—AINR(1+ASNR3) =

p(a) =
0 w>1,

where a = (1 + %)W

In the weak interference regime, from (5.3), we can find out that 5* is a non-
increasing function of both p and A, implying that as INI becomes stronger, more
information of M1 will be converted to common message. When INI is small, the
optimal power allocated to the side channel (\*)rises as the interference level (u)
increases. Consequently, the interference from the private message of M1 at M2 is

reduced as more information of M1 is converted into common message. However,
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due to the increase of the amount of power allocated to the side channel, uplink rate
Ry suffers rate loss as less power is available for the main channel. After passing
the point A’, the increment of R; will surpass the decrement of Rs, resulting in an
improvement of the sum-rate. At point B’, * drops to zero, indicating that downlink
is interference-free as no private message of M1 will interfere with M2. After reaching
B’, optimal power for the side channel decreases rapidly as the interference level (1)
increases in Fig. 5.2. Thus the uplink rate Ry begin to rise. In the strong interference
regime (p > 1), since all information of M1 is converted int common message, node M2
can decode all interference. However, the uplink rate R, is limited by the interference
link. With the binning strategy through the side channel, we can also enhance R,.

For DC, when W=1, the optimal percentage of power allocated to the side channel
is

ADc = arg max RDC
1

14+v

The corresponding maximized achievable sum-rate is

sum

NR.:
RPC* — (C(SNR)+C (m)
1+v

When p — 0, DC will have the worst performance. This is because when i is
fixed, the optimal power allocated to the side channel is inversely proportional to the
interference level p. Therefore, uplink node M1 needs to allocate most of its power to
the side channel to decode the interfering signal in the very weak interference regime,
with little power left to send its own data to the base station through the main
channel. However, as the interference level increases, the optimal power allocated to

the side channel drops rapidly, thus improving the performance of DC.
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Comparing EC and DC, we can find out that EC performs better in the weak
interference regimes while DC dominates in the strong interference regimes. The
intuition behind this result is that when two mobile nodes are very close to each
other which leads to strong INI, M2 can better decode the information from M1 by
the side-channel. However, when the two mobile nodes are not so close resulting in
weak INI, a statistical estimate of the interfering signal by the side-channel is better

than decoding the signal to help cancel INTI.

5.2 Asymptotic Multiplexing Gain

Assuming SNR > 1,INR > 1 and SNRgq4. > W, we compute the asymptotic
multiplexing gain of our proposed schemes as SNR, SNRgqe, INR — o0 and p >
0,v>0,W >0.

As SNR, SNRiqe, INR — 00, in the weak interference regime (i.e., 0 < pu < 1),set
the power for the private message of M1 at the level of Gaussian noise at the receiver

of M2, namely, let § = ﬁ. Thus for a fixed A (A # 0), we have

RBC, Wi min {log (1 + %) 4 log(1 + ASNR), log (1 + 7SNR+X2INR*1) + log (1 T ?g—g) 1 Wlog (1 + 32N Beide )}
Csingle—user Wmlog(L + SNR)
__ min {2log (SNR) , 2log (SNR) — log(INR) + Wlog (SNRg;qe )}
- log(SNR)

~ min{2,2 4+ Wv — pu}.
(5.4)

In the strong interference regime where > 1, f = 0. As SNR, SNRgqe, INR — o0,

we have

sSuIm

REC __ min {2log (SNR), log(INR) + Wlog (SNRgiqe )}
Csingle—user log(SNR) (55)

~ min{2, p + Wv}.

From Theorem 4, we have proved that the inner bound achieved by BC is within
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one bit of the outer bound by a simple common-private power split when the power
splitting of private message of M1 is set at the level of Gaussian noise at the receiver
of M2, i.e., 8 = 57y Hence in the high SNR and INR limit, BC scheme is asymptotic
optimal in that it is capacity-achieving for the Gaussian side-channel assisted three-

node network. Therefore, the asymptotic multiplexing gain of the sum-capacity of

Gaussian three-node full-duplex with side channel over signal-user capacity is

Cside channel

Mside—channel _ _sum
C1singlefuser
o min {2,2+ Wv — u} 0<pu<l1 (5.6)
pu— M p—
min{2, p + Wv} w> 1.

By comparing (5.6) to (2.27), we can derive the multiplexing gain improvement of

side-channel sum-capacity over no-side-channel sum-capacity,

Msidefchannel B min {ﬁ, 1+ 2”1—1;} 0< n < 1

(5.7)

M No side—channel minf2.1 4 W L<pes

W’ I - ’

When Wv = 0, namely, there is no side channel available, (5.6) will degenerate into
(2.27), and there is no improvement. From (5.7), we can see that the improvement
depends on the interference level (i.e., ), as well as the side channel condition (i.e.,
Wwv). In the weak interference regime where p € [0, 1), the improvement is an increas-
ing function of the interference level, while in the strong interference regime where
@ > 1, the improvement will decrease as p increases. Therefore, we can obtain the
maximum multiplexing gain improvement when y = 1. The improvement rises as Wv
increases till reaching the maximum multiplexing gain of 2. If Wy > 1 and pu = 1,

then leveraging the side channel can double the asymptotic multiplexing gain.
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Similarly, we can derive the asymptotic multiplexing of the suboptimal schemes,

RCC min{2,2+ Wv — u} 0<u<l
MCC — . sum — (58)
C(smglefuser .
min {2, 1 + Wv} w=>1,
e _ _ Foum .
M°* = = min{2,1+ Wv} >0, (5.9)
single—user
e REC min{2,2 + v — u} 0<pu<v+1,WeN*
MPEC = _—sum (5.10)
CYsingle—user
1 p>v+1,WeNTF.

Comparing (5.6) and (5.8)-(5.10), we can find out that for all channel parameters
and bandwidth ratio CC scheme is asymptotic sum-capacity achieving in the weak
interference regime, while in the strong interference regime, the performance of CC
agrees with DC scheme. The asymptotic multiplexing gain of CC is larger than that
of DC and EC in the weak interference regime.

Now let us look at the effect of the side channel on the multiplexing gain of our
proposed schemes. When W = 1, EC is also asymptotic sum-capacity achieving in
the weak interference regime. Specifically, for EC scheme, when W > 1 and v > p,
EC can achieve a asymptotic multiplexing gain of 2 for all interference level. And
DC can achieve a asymptotic multiplexing gain of 2 for all interference level when
Wv > 1. When Wv > pu for p € [0,1), and Wv > 1 for p > 1, BC and CC can
achieve a asymptotic multiplexing gain of 2 for all interference level.

The asymptotic multiplexing gains of each scheme is plotted in Fig. 5.3. When
v < u, the multiplexing gain of EC is a decreasing function of p. This is because

the side channel can not provide a better estimate of the interfering signal when the
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side channel is worse than the interference link (i.e., main channel between M1 and
M2). While for DC, when ﬁ is fixed, the multiplexing gain of DC will scale with
interference level. However, DC has poor performance when the interference level is

very low.
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Figure 5.3: Asymptotic multiplexing gain for optimal scheme and suboptimal schemes
versus no-side-channel sum-capacity. The suboptimal schemes are compress-and-
cancel, decode-and-cancel and estimate-and-cancel.
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5.3 Achievable Rate Region

Fig. 5.4 shows achievable rate regions of all proposed schemes by fixing channel pa-
rameters and bandwidth ratio. No-side-channel achievable region is encompassed by
BC region, it is a special case of BC region when W = 0. Each of the suboptimal
scheme has different achievable rate region. Specifically, for BC scheme, point () cor-
responds to 5 = 1 when M1 sends all private message. This point coincides with the
corner point of no-side-channel one when no power is allocated to the side channel. As
[ decreases, Ry becomes larger owing to less interference. When moving to the point
T which corresponds to § = 0, the downlink is not impaired by the interference any
more as all information of M1 is converted to common message. By means of binning,
the side channel will improve the common message rate of M1 that is restricted by

the interference link of the main channel.

BC L oose outer bound
35+ Q o J-. New outer bour
A
34+
............. T

25 f EC

21 DC
157% [ ¢

14
0571

05 1 15 2 25 3 35
Ry

Figure 5.4: Achievable rate region of each proposed schemes versus no-side-channel
achievable rate region when SNR=10dB, W =1and v = p = 1.
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5.4 Area gains

In order to have a better understanding of the performance of the simpler schemes
for different distance regions of practical interest, we take the path loss model into
consideration, and set the pathloss parameter as 3. We assume all transmitters have
the same per-node power constraint, and the bandwidth ratio equals to 1.

We characterize the topological regimes where two simpler schemes DC and EC
help leverage full-duplex gains. We consider an adaptive system that can choose be-
tween four schemes for managing inter-node interference: the two previous schemes
when no side channel is utilized, treating interference as noise (TIN) and joint decod-
ing (JD), and our proposed DC and EC schemes with optimal power allocation.

In Fig. 5.5(a), we show the percentage sum-rate gains of full-duplex over half-
duplex counterpart for the adaptive system when transmit power is 0 dBm and noise
floor is -100 dBm. We assume that the uplink mobile node M1 is fixed at a given
distance from the BS, while the downlink mobile node M2 is located within a circular
region of radius 200 meters from BS. The overall area gains of full-duplex by adopting
the best scheme among the four range from 29.3% to 90.6%. In Table 5.1, we give

the percentage rate improvement of each scheme.

Schemes Avg. Rate Improvement | Maximum | Minimum
over HD
JD and TIN 22.1% 90.6% 0.2%
Decode-and-cancel 49.4% 90.5% 23.8%
Estimate-and-cancel 19.8% 32% -4.7%

Table 5.1: Rate improvement of each scheme over half-duplex counterpart.

Fig. 5.5(b) illustrates the area regions where each scheme offers the best perfor-
mance among the four. The red color represents the area where JD scheme outper-
forms the other schemes. And the blue one represents the area where EC and TIN

outperforms DC. The magenta color shows the areas where DC achieves more gains
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than the rest of the three.

Under propagation model, we also compute the probability distribution of the
usage of the side channel for improved interference cancellation. We assume the
device-to-device side channel is not needed if the SINR of the interfered receiver is
above a given capture threshold ¢ which allows for successful transmission by satis-
fying a given bit/packet error probability. The probability when the side channel is

not needed is given as

Pside not needed — Prob[SINR > é] (5].1)

Similarly, the probability of the usage of the side channel is defined if the SINR
of the interfered receiver drops below a given threshold £ and transmission is defined

as failure. Hence the probability of the usage of side channel is:

Pside usage PI‘Ob[SINR S g]

= 1 — Prob[SINR > £]. (5.12)

Taking into account both path loss due to distance and Rayleigh fading owing
to multipath propagation. The received power from a mobile at distance d can be
written as:

Pr = R*d"Pr, (5.13)

where R is an independent and identically distributed (i.i.d.) random variable accord-
ing to Rayleigh distribution with parameter o, Pr is the transmission power and 7 is

the pathloss parameter. The signal-to-interference-noise Ratio (SINR) at the receiver
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Figure 5.5: An adaptive system that can choose the best scheme to manage inter-node
interference. Downlink mobile node M2 is located within a circular region of radius
200 meters from BS.
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of M2 is defined as:

P,
Py + Pr,

R2d5" Py
Py + R%d;npj
_ R (5.14)
W R ()"

SINR =

I Py o‘% ds

where Py is the Gaussian noise with unit power, W is implicitly defined by (5.14).

2 -n
The subscript S denotes the intended receiver. Since Z—é = % (g—;) , hence we have
S

SINR = = . (5.15)

From (5.14), we have

Pside needed — 1-— Prob[SINR > f]
= 1- PI’Ob[PRS > SPRI]
2
Py (d;\ 7"
= 1—Prob[R% > ¢RI | — | —
rob[Rg > § I<Ps(ds) > ]
* 1 -4 * 1 -5
= 1—/ —e 1 dm/ =€ sdxg
o 2] o (B (3) ) 205
2
-1
(#(2))
= . (5.16)

1+€(% (j—;)_n)Q

We use practical link budget number to plot the probability of the usage of the side

channel in Fig. 5.6, Fig. 5.7 and Fig. 5.8. And the link budget is listed in Table 5.2.
In Fig. 5.6, we can see that for higher data rate (larger capture threshold £) and

larger transmit power ratio between mobile user and base station such as femtocell,
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’ ‘ Maximum ‘ Minimum ‘
Base station Py 40 W 2 W
Mobile user Pg 2 W 1W
Capture threshold ¢ | 20 dB (for high data rate) | 0 dB (for low data rate)
Distance ratio g—; 2 0.1

Table 5.2: Link budget for propagation model with pathloss and rayleigh fading.

the probability of the usage of side channel is very high. And in Fig. 5.7 and Fig. 5.8,
the probability of the usage of the side channel increases rapidly as the distance

between the two mobile nodes and downlink decreases.
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Figure 5.6: Probability of the usage of side channel versus transmit power ratio when
the distance ratio d;/dg = 1.
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Figure 5.7: Probability of the usage of side channel versus distance ratio when the
transmit power ration Pr/Pg = 0.2.

1 )
= Power ratio=1/40

0.9+ == Power ratio=1/10 1
==Power ratio=1/5

0.8f ==Power ratio=1/2 [
=Power ratio=1

0.7+

Probability

0.4r
0.3
0.2+
0.1r
00 0‘2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
dr
ds

Figure 5.8: Probability of the usage of side channel versus distance ratio when capture
threshold ¢ = 10 dB.



CHAPTER 6

Spectral Efficiency Discussion

The use of available side channel brings up an open question for spectral efficiency
comparison between different systems. There are two systems for comparison in this
thesis shown in Fig.6.1. The first one only uses the main channel in the three-node
full-duplex network which is labeled as system 1, while the second one leverages the

available side channel which is labeled as system 2.

Main channel Main channel

Side channel
W | W

System 1 System 2

Figure 6.1: There are two systems for comparison with respect to spectral efficiency:
one only uses the main channel, and the other one leverages the available side channel.

The spectral efficiency can be defined in two different ways, which is given as
follows.

definition 1. Spectral efficiency (bits/s/Hz) is the ratio of achievable sum-rate and

the total available bandwidth.

definition 2. spectral efficiency (bits/s/Hz) is the ratio of achievable sum-rate and

the bandwidth that each system has used.
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If the spectral efficiency (bits/s/Hz) is defined according to def. 1, then utilizing
the available side channel will lead to higher spectral efficiency. However, if the

spectral efficiency (bits/s/Hz) is defined according to def. 2, then for system 1,

No—side—channel
sum

Wi ’

spectral efficiency® £

while for system 2,

side—channel
sum

: A
spectral efficiency? £ W
In wideband power-limited regime, according to [20], we use spectral efficiency versus
energy-per-information bit as the criterion to compare the spectral efficiency of these
two systems. For simplicity, assuming the symmetric case where the transmit power
of each sender is equal to P, and 74 = 7 = 1. Let Ej, denote the transmitted
energy per information bit, which can be Joules. When communication at sum-rate
Rgum (bits/s), the following relationship is satisfied

B 2P

_ 2 i1 6.1
No  NoRi_'T U (6.1)

let z; denote % and y; denote the spectral efficiency of each system. Thus for system

1,9 = % while for system 2, y5 = Wizrg}vs . First we derive the relationship between

z1 and yi,

.

log <1 S ) + log (1 + %) Vo1 < 1

24212191
\210g (1—}-“2&) Y21 214‘%

For system 2 when using the side channel, we can obtain ys as a function of x5 by
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BC scheme,
1 Ty : 1 A(14+W)zays
v log (1 + 2/(1+W)J2r525\’721$2y2) + min { w log <1 + 5 ) ,
1 BAA+W)zoys 1 BAy2172y2
T_WlOg (1 + 2 ) + 1—i-Wlog (1 + 2/(1+W)+55\721x2y2+m2y2)
Y2 = + 1—&‘iVW10g (1 + 7)\73(1;&3/):@”)} , o1 < 1

1+1W10g (1 + (1+V2)332y2> + min {log (1 + 5\(1+V;/)$2y2) :

A Mys(1+W
Fvlog (1 T 2/(11213/36)3%/;2312) + Trwlog (1 + 20l ;W)IQ‘W)} : 2121

(6.3)

From (6.3), we can find out that the spectral efficiency of system 2 achieved by BC

W.

== decreases. And increasing the ratio
m

scheme will improve as bandwidth ratio W =

between 73 and 7, will enhance the spectral efficiency of system 2. We can find a
combination of small W and large 3 that allows system 2 to have higher spectral
efficiency than system 1. Therefore for certain values of the two parameters of the side
channel, i.e., W and 73, the resulting system 2 can not only yield higher achievable
sum-rate, but also higher spectral efficiency.

As shown in Fig. 6.2, for certain channel parameters and bandwidth ratio, sys-
tem 2 has higher spectral efficiency than system 1 with the same transmit energy
per information bit. This implies that there exists some regimes of certain system
parameters combination where leveraging the side channel can also lead to a higher

spectral efficiency in addition to the achievable rate improvement.
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CHAPTER 7

Conclusions

In a three-node full-duplex network where an infrastructure node communicates with
half-duplex mobile nodes for both uplink and downlink simultaneously in the same
band, one problem of paramount importance that needs to be resolved is the inter-
node interference. We identify the availability of multi-radio interfaces on current
mobile devices to create a side channel that allows for new approaches to mitigate
inter-node interference. Therefore we propose distributed full-duplex architecture via
wireless side channels for interference management.

In this thesis, we present four distributed full-duplex inter-node interference can-
cellation schemes by leveraging a device-to-device side channel for improved interfer-
ence cancellation. We characterize the bounds on the capacity region of side-channel
assisted three-node network and show that bin-and-cancel scheme can achieve within
one bit of the capacity region for all values of channel parameters and is asymptoti-
cally optimal. The other three schemes are simpler but perform close to optimality
only in certain regimes. Both analytical and numerical results demonstrate the fac-
tors that dominate the performance of the proposed schemes, which contributes to

guiding the design of transceiver architecture.
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