arXiv:1611.08660v1 [cs.IT] 26 Nov 2016

On the DoF of Two-way 2 X 2 x 2 Relay Networks
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Abstract

Two-way relay is potentially an effective approach to spectrum sharing and aggregation by allowing simulta-
neous bidirectional transmissions between source-destinations pairs. This paper studies the two-way 2 x 2 x 2 relay
network, a class of four-unicast networks, where there are four source/destination nodes and two relay nodes, with
each source sending a message to its destination. We show that without relay caching the total degrees of freedom
(DoF) is bounded from above by 8/3, indicating that bidirectional links do not double the DoF (It is known that
the total DoF of one-way 2 x 2 x 2 relay network is 2.). Further, we show that the DoF of 8/3 is achievable for
the two-way 2 x 2 x 2 relay network with relay caching. Finally, even though the DoF of this network is no more

than 8/3 for generic channel gains, DoF of 4 can be achieved for a symmetric configuration of channel gains.
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I. INTRODUCTION

To meet the demand of future mobile networks, it is important to understand the fundamental capacity
of networks. While characterizing network capacity is in general unsolved, there has been considerable
progress in two research fronts. The first one focuses on single-flow multi-hop networks, in which one
source aims to send the same message to one or more destinations, using multiple relay nodes. Since
in this scenario all destination nodes are interested in the same message, there is effectively only one
information stream in the network. Starting from the max-flow-min-cut theorem of Ford-Fulkerson [1],
there has been significant progress on this problem [2].

The second research direction focuses on multi-flow wireless networks with only one-hop between the
sources and the destinations, i.e., the interference channel. While the capacity of the interference channel
remains unknown, there has been a variety of approximate capacity results, such as constant-gap capacity
approximations [3-5] and degrees of freedom (DoF) characterizations [6—11].

The two-way communication between two users was first studied by Shannon [12]. Recently, there have
been many attempts to demonstrate two-way communications experimentally [13—19]. The two-way relay
channel where two users communicate to each other in the presence of relays, has been widely studied
[20-38]. Two-unicast channels consist of two sources and two destinations communicating through a
general network. The DoF for one-way 2 x 2 x 2 fully-connected two-unicast channels has been studied in
[39], and further extended with interfering relays in [40]. These results were further generalized to one-
way 2 X 2 X 2 non-layered topology in [41,42]. General one-way two-unicast channel has been considered
in [43,44] and it was shown in [44] that the DoF for any topology takes one of the values in {1, %, 2},
depending on the topology. Two-way two-unicast channels have been studied for a single relay in [45-47].
In [48], three different achievability strategies for two-way MIMO 2 x 2 x 2 fully-connected channel are
proposed. A finite-field two-way two-unicast model is also studied in [49, 50].

Caching is a technique to reduce traffic load by exploiting the high degree of asynchronous content
reuse and the fact that storage is cheap and ubiquitous in today’s wireless devices [51,52]. During off-
peak periods when network resources are abundant, some content can be stored at the wireless edge
(e.g., access points or end user devices), so that demands can be met with reduced access latencies and
bandwidth requirements. The caching problem has a long history, dating back to the work by Belady in
1966 [53]. There are various forms of caching, i.e., to store data at user ends, relays, etc. [54]. However,

using the uncoded data on devices can result in an inefficient use of the aggregate cache capacity [55].



The caching problem consists of a placement phase which is performed offline and an online delivery
phase. One important aspect of this problem is the design of the placement phase in order to facilitate the
delivery phase. There are several recent works that consider communication scenarios where user nodes
have pre-cached information from a fixed library of possible files during the offline phase, in order to
minimize the transmission from source during the delivery phase [56,57]. There are only a limited number
of works on the DoF with caching. In particular, [58, 59] study the DoF for the relay and interference
channels with caching, respectively, under some assumptions and provide asymptotic results on the DoF
as a function of the output of some optimization problems.

In this paper, we study the two-way 2 x 2 x 2 relay network, a class of four-unicast networks, also known
as the two-way layered interference channel in the literature. We consider a general two-way 2 X 2 x 2
relay network where all channel gains are chosen from the same continuous distribution. Even though the
one-way 2 x 2 x 2 relay network has 2 DoF, we show that the two-way 2 x 2 x 2 relay network has DoF
less than or equal to 8/3. Thus, the bidirectional links cannot double the DoF. In the analysis of cached
2 x 2 x 2 relay network, we show the equivalence of our model to the compound MISO broadcast channel
and use the existing results on the latter to obtain the achievable DoF of the former. Note that this is the
first work relating 2 x 2 x 2 relay network and compound MISO broadcast channel.

We further propose a caching strategy in relays for the two-way 2 x 2 x 2 relay network based on
prefetching uncoded raw bits and delivering linearly encoded messages to facilitate the transmission from
relays to destinations. We show that with relay caching, the DoF of 8/3 is achievable.

Finally for a special case of two-way 2 x 2 x 2 relay network where the channels exhibit symmetries,
we show that the DoF is 4. This special case is interesting because (i) This shows that the 2 x 2 x 2
topology allows 4 DoF for some symmetric channel gains while the DoF is outer bounded by 8/3 for
generic channel gains. (i1) The non-invertibility of the symmetric channel matrix plays an important role
in achieving DoF=4, which does not hold for the general channel matrix. (iii)) The symmetric channel is
a common model for many results on interference channels [60—63]; and these results can be obtained
only with such symmetric assumptions and the problems remain open otherwise.

The remainder of this paper is organized as follows. In Section II, we give the model for the two-way
2 % 2 x 2 relay network. In Section III, the main results on the DoF of the 2 x 2 x 2 relay network without
relay caching is studied. The DoF of a symmetric two-way 2 X 2 x 2 relay network is also investigated

in this section. In Section IV, the results on the DoF of the 2 x 2 x 2 relay network with relay caching



is presented. Finally, Section V concludes this paper.

II. CHANNEL MODEL AND RELATED WORKS

In this section, we first present our system model and then we discuss some recent related results in

the literature.

A. Channel Model

As shown in Fig. 1, the two-way 2 x 2 x 2 relay network consists of four transmitters S, ..., Sy, two
relays Ry, Ry, and four receivers Dy, ..., D,. Each transmitter S; has one message that is intended for its
receiver D;. Fig. 2 shows the two hops of this system separately. In the first hop (Fig. 2(a)), the signal
received at relay Ry, k € {1,2} in time slot m is

Yi,[m] = Hi g, [m]Xi[m] + Zg,[m], (1)

i=1
where H; g, [m] is the channel coefficient from transmitter S; to relay Ry, X;[m] is the signal transmitted
from S;, Yg, [m] is the signal received at relay R, and Zg, [m] is the i.i.d. circularly symmetric complex
Gaussian noise with zero mean and unit variance, i € {1,2,3,4}, k € {1,2}. In the second hop (Fig.

2(b)), the signal received at receiver D; in time slot m is given by
2
Yilm] =) Hp,a[m]Xg,[m] + Zi[m], )
k=1

where Hp, ;[m] is the channel coefficient from relay Ry to receiver D;, Xg,[m] is the signal transmitted
from Ry, Y;[m| is the signal received at receiver D; and Z;[m] is the i.i.d. circularly symmetric complex
Gaussian noise with zero mean and unit variance, i € {1,2,3,4}, k € {1,2}. We assume that the channel
coefficient values are drawn i.i.d. from a continuous distribution and they are bounded from below and
above, i.e., Hyin < |H; r,[m]| < Hmax and Hpin < |Hpg, i[m]| < Humax as in [6]. The relays are assumed
to be full-duplex and equipped with caches. Furthermore, the relays are assumed to be causal, which
means that the signals transmitted from the relays depend only on the signals received in the past and not

on the current received signals and can be described as

Xp,Im] = fY5~ XF71 Cr,), 3)



where X7/~' £ (Xp,[1],..., Xg,[m — 1)), Y7~ £ (Yg,[1],..., Yg,[m — 1]), and Cf, is the cached
information in relay Rj. We assume that source S;, ¢ € {1,2,3,4} knows only channels H;p,, k €
{1,2}; relay Ry, k € {1,2} knows channels H; p,, Hg, ; and Hpg,;, i € {1,2,3,4}; and destination D,
i €{1,2,3,4} knows only channels Hp, ;, k € {1,2}.

The source S;, i € {1,2,3,4} has a message W; that is intended for destination D;. |IV;| denotes the size
of the message IW;. The rates R; = logll—wil, i € {1,2,3,4} are achievable during n channel uses by choosing
n large enough, if the probability of error can be arbitrarily small for all four messages simultaneously.
The capacity region C = {(R1,R2, R3, R4)|(R1,R2, R3, R4) € C} represents the set of all achievable
quadruples. The sum-capacity is the maximum sum-rate that is achievable, i.e., Cx(P) = Zj‘zl R; where

4 . .
C c C C —
(R{,R5, RS, RE) = arg max(r, r,Rs,Ra)eC 01 Ri and P is the transmit power at each source node.

The DoF is defined as

. Cx(P) i R¢
A 1 _ .
DoF = lim = g lim o = ;1 d;, 4)

where d; £ limp_, % is the DoF of source S;, for ¢ € {1,2,3,4}. We assume that channel gains

P
are i.1.d., chosen from the same continuous distribution, and thus the DoF is the result for almost every
channel realization (in other words, with probability 1 over the channel realizations). We denote DoF as

the DoF for the case of with relay caching, DoFy< as the DoF for the case of no relay caching.
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Fig. 1. Two-way 2 X 2 X 2 relay network.

B. Related Works

In the literature, there has been extensive research over the last decade to characterize the DoF and
the capacity region of one-way relay networks as well as two-unicast networks. However, beyond single-
hop, there is much less known about the capacity of multi-flow networks. Even in the simplest case
with two sources S; and S, and two destinations [D; and Ds, there are very few results, such as [64],

where the maximum flow in two-unicast undirected wireline networks is characterized. In the wireless



(b) The channels from relays to the receivers.

Fig. 2. The channels from and to relays in a two-way 2 x 2 x 2 relay network.

realm, constant-gap capacity approximations for specific two-hop networks (the ZZ and ZS structures as
depicted in Fig. 3) were obtained in [65]. Furthermore, it was shown that the network resulting from the
concatenation of two fully-connected interference channels (the XX network as depicted in Fig. 4) admits
the maximum of two DoF [39,44]. The achievability scheme relies on the notion of real interference
alignment, which was introduced in [9].

In [44], two-unicast multi-hop wireless networks with two sources S; and S5 and two destinations D,
and D, that have a layered structure with arbitrary connectivity are studied. It is shown that, if the channel
gains are chosen independently according to continuous distributions, then, with probability 1, the DoF
of the two-unicast layered Gaussian networks can be 1, 3/2 or 2. In particular, for the one-way 2 x 2 X 2
relay network in Fig. 4, one DoF for each user is achievable, i.e., the total DoF is two.

There are limited number of works on the two-way 2 x 2 x 2 relay network in Fig. 1. In [48], three

different achievability strategies for such a network with MIMO channels are proposed. However, these
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Fig. 4. One-way 2 x 2 X 2 relay network.



schemes are considerably away from the optimum, since the achievable total DoF is only two for the
SISO case, i.e., the same as the one-way network. In addition, a symmetric finite-field two-way 2 x 2 x 2
relay network model is studied in [49, 50].

There are a few recent papers that studied the impact of caching on DoF. In particular, [58, 59] analyzed
the DoF gain induced by caching in interference networks, and proposed a cache-induced cooperative
transmission strategy. Also [66] studied some fundamental limits of the DoF for cache-aided interference

networks.

III. MAIN RESULTS ON THE TWO-WAY 2 X 2 x 2 RELAY NETWORK

In this section, we study the model in Figs. 1 and 2, with and without caching at relays.

A. Two-way 2 X 2 X 2 Relay Network without Caching

We assume that the channel parameters H, p,, Hg, ;. j € {1,2,3,4}, k € {1,2} are independent and
chosen from the same continuous distribution. Our result is that without caching at the relay, the total

DoF of the two-way 2 x 2 x 2 network is lower bounded by 2 and upper bounded by 8/3.
Proposition 1. For a two-way 2 X 2 X 2 relay network, DoF n¢o > 2.

Proof: 1f all nodes except for S, Rs, and S3 in Fig. 1 are silent, then the channel can be seen as a
two-way 1 x 1 x 1 relay network formed by S}, R, and S3. This channel can achieve two DoF by simply
forwarding the sum of the received signals at relay Ry, which is the sum of the two messages from 5
and Ss. [ |

The next result shows that the DoF for the two-way 2 x 2 x 2 relay network is upper bounded by 8/3.

Thus, the DoF for the two-way network is smaller than twice the DoF for the one-way network.
Theorem 1. For a two-way 2 x 2 X 2 relay network, DoFn¢o < %.

Proof: For the outer bound, we assume that there is a channel with infinite capacity between the
relays. Also, suppose that a genie provides W, to this combined relay. Then W35 should be decodable at
the relay as it is decodable at D3 given W;. Following this, the messages W5 and W, can be decoded
if the matrix H (defined below) is full rank as (5) will suggest this mathematically, which happens with
probability 1 over generic channel gains. Therefore, the combined relay should be able to decode three
signals W5, W3, and W, with its two antennas (suggesting dy + d3 + dy < 2). This is further proved in

the following.



Consider n time slots of the channel use and assume that nR; represents the maximum rate achievable
for transmitter 4 in the total n time slots. Define Y, 2 (Y;[1],...,Y;[n]) and X7 = (X;[1],..., X;[n]),
i =1,...,4. We also define h;p = [H;p, H;g,), yi = [YZ Yi] and 2}, = [Z} Z7 |, where Y/ £
(Yr,[1],-..,Yr[n]) and Z} = (Zg,[1],..., Zg,[n]). Then, we have:

—
S
N

nRy < I(W3Y5") + ne,
2 (W3 YIIWh) + ey,
2 I(W3; ygIW1) + ne,
= h(yrIW1) — h(yz[Wi, Ws) + ne,
= hyrIWh) — I(yg; Wa, Wa|W1, W3) — h(yg|Wi, W3, Wo, Wy) + ne,
D h(y W) — Iy W, Wi Wi, Ws) — h(z}) + ne,
= h(yj|Wh) — I(yh; Wa, Wa|Wy, W3) — log ((2m€)*") + ne,
= h(yLWh) — H(Wa, Wa|Wi, W3) + H(Wa, Wa|[Wy, Wa, y7) — 2nlog (2me) + ne,
< WypIWh) — HWy, Wy|Wy, W3) + H(Wa, Walyr — Hi rX{" — H3 pX3) — 2nlog (2me) + ney,

h(yr|Wi) — H(Wy, Wa|Wy, Ws) + H(Wo, Wy|Hy g X3 + Hy g Xy + z) — 2nlog (2me) + ne,

—
~

2 Wy RIWy) — H(Wa, Wy Wy, W) + H(Wa, W, [XE XF] +2H ') — 2nlog (21e) + ne,

—
)
-

h(Y%‘Wl) - H<W2, W4|W1> W3) + H(Wz, W4‘X§ + ZSL/»XZ + ZZ,) — 2nlog (27”3) + ney

—~
S
~

< h(yR|Wh) — H(Way, Wa|Wy, W) + H(Wa|XZ + 28') + H(W4| XT + 27) — 2nlog (2me) + ne,
O Ly W) — H(Wey, Wa|Wh, Wa) — 2nlog (21€) + ne, + ne,

= h(yR|W) — H(W,, Wy) — 2nlog (2me) + ne.,

2 h(y%) — H(Wa, W,) — 2nlog (2me) + ne,

%) hYE) + h(YE) — H(Wa, Wy) — 2nlog (2me) + ne,

(Q 2 (log (2me(4H2, P +1))") — H(Ws, Wy) — 2nlog (2me) + ne,, (5)

where (a) follows since the transmission rate is less than or equal to the mutual information between
the message and the received signal, and €, can be arbitrarily small by increasing n; (b) follows since
I(W3; Y3Wh) — I(W3;YE) = T(Ws; Y5 W) > —min{l(Ws;YE), I(Wy;YE), I(Ws; W)} = 0 (as

I(W3; W) = 0); (c) holds since W3 — y% — YJ*; (d) follows since by subtracting the contributions of



X!, i=1,...,4 from y%, we will only have Gaussian noise at the relays; (e) follows from the fact that

by defining H = [hf ; h ;]”, we obtain the following:
(Yp — HipX] — Hsp X)) H ™' = [XJ XJ|T +2pH (6)

(f) holds by defining [23" 27'] £ z3H™'; (g) holds since conditioning decreases entropy; (k) follows
from Fano’s inequality and the fact that probability of error in decoding W; given X + 2, i = 2,4 goes
to zero for high SNR; (i) holds because conditioning decreases the entropy; (j) holds since h(X,Y) <
h(X) 4+ h(Y); (k) holds since Yg, is in the form of (1), with |H; g, [m]| < Hpax, and X; ~ CN (0, P).

Dividing both sides of (5) by nlog P, and using n(Ry+ Ry —¢,, ) < I(Wa; Yo)+1(Wy; Yy) = H(W,) —
H(Ws|Ys) + HWy) — HW4|Yy) < H(Wy) + H(Wy) = H(W,, Wy), results in:

Ry _2log (2me(4HZ, P +1))"  (R2+ Ry) 2nlog(2me) " € %
log P~ nlog P log P nlog P log P’

and with n — oo and P — oo, we obtain the following bound:

dy+ds+dy <2. ()
Similarly, we also have
di +dy +d3z < 2, )
di+dy+dy <2, (10)
dy +ds +dy < 2. (11)
Summing up (8)-(11) gives the upper bound in the statement of the theorem. [ ]

B. Symmetric Two-way 2 X 2 x 2 Relay Network

In this section, we focus on a symmetric case of the two-way 2 x 2 x 2 relay network in Fig. 1, where
the channel parameters are assumed to have the following symmetry: H; g, = Hsr,, Hor, = Hinr,.
Hp,1=Hpg, 3 and Hp, o = Hp, 4, k € {1,2}. The two-hop decomposition of such a symmetric two-way
2 x 2 x 2 relay network is shown in Fig. 5. The following result shows that the DoF for symmetric two-
way 2 X 2 x 2 relay network is four. Thus, this two-way network achieves twice the DoF as compared to
the one-way network studied in [39]. Essentially the symmetry in channel parameters allows for efficient

alignment of the signals from the two directions at the relays that leads to the DoF of four.



(b) The channels from relays to the receivers.

Fig. 5. The channels from and to relays in a symmetric two-way 2 X 2 X 2 relay network.

Proposition 2. For the symmetric two-way 2 X 2 X 2 relay network, DoFn¢c = 4.

Proof: For the achievability, S; and S5 can be seen as one user and S5 and S can be seen as another
user from the relay nodes’ perspective, due to symmetry. Based on the result for the one-way 2 x 2 x 2
network in [39], each message can achieve one DoF. Since we increase the number of messages from 2 in
[39] to 4 in this paper, DoF= 4 is achievable. The detailed achievability scheme is described in Appendix
A.

In addition, it can be seen that the upper bound follows from the cut-set bound. [ ]

Remark 1. The comparison of Theorem I and Proposition 2 shows that, interestingly, even though without
caching 8/3 is an upper bound for generic channels, for symmetric channels DoF = 4 which shows that
this network topology can, in principle, allow 4 DoF. Note that step (e) in (5) for generic channel

parameters requires the invertibility of H, which does not hold for symmetric channels. This is what



distinguishes generic channels (for which DoF < 8/3) from symmetric symmetric channels (for which

DoF = 4).

IV. TWO-WAY 2 x 2 x 2 NETWORK WITH CACHING
A. Caching and Transmission Strategy

In this subsection, we consider the more general model of multi-antenna relays and single-antenna
source/destination nodes, where each relay Ry, k € {1,2} has Nj antennas. For this model, the difference
with the single-antenna case in Section II-A is that channels H; g, [m|, Hg, ;[m| are N}, x 1 and 1 x N},
vectors, respectively, the signals to and from the relays, (Yg, [m] and Xz, [m], respectively), are vectors of
size Nj, x 1, and the noise Zg, [m] is an N x 1 vector, ¢ € {1,2,3,4}, k € {1,2}. We assume that each
relay is equipped with a cache that can store the data from the sources. Our goal is to design strategies for
caching and transmission so that the sum rate of all four source-destination pairs is maximized. Similar
to caching strategies in the literature [56,57], the transmission consists of two phases. The first phase
is the transmission from sources to the relays, as shown in Fig. 2(a), which is performed offline and
is known as the placement phase. The second phase is the transmission from relays to the destinations,
as shown in Fig. 2(b), which is performed online and is known as the delivery phase. We assume that
the relays decode W;, ¢ = 1,...,4 in the offline phase and save W] 2 W, Ws, w3 2 W, ® W, in
their caches. Then since both relays have access to W] and Wj, we can consider them together as an
(N7 + Ny)-antenna relay, transmitting x, = f (W], W3), which intends to make W] decodable at D; and
D3, and W) decodable at Dy and D, in Fig. 2(b).

The next result, after a short review of the compound broadcast channels, shows that the DoF for the
two-way 2 X 2 x 2 relay network with multiple-antenna relays and single-antenna transceivers is lower

4(N1+Na)

bounded by § =77 under the above caching and transmission strategy.

B. Background on Compound Broadcast Channel

Here, we briefly introduce the compound broadcast channel and list two lemmas that we need. The
Gaussian MISO compound broadcast channel comprises one transmitter with /N antennas and K single-
antenna receivers. The transmitter transmits /X' messages, each intended for a different receiver ¢ whose
channel state is chosen from a finite set {1,...,.J;}, i =1,..., K. In the literature there are several results
on the behavior of this channel at high SNR, i.e., the DoF. We cite the following two lemmas on the

lower and upper bounds of the compound broadcast channel, respectively.



Lemma 1. [67,68] For the compound broadcast channel with N antennas at the transmitter, K single-

NK

Ntk i achievable.

antenna receivers, and J; > N states at receiver 1, 1 = 1, ..., K, the total DoF of

Lemma 2. [69] Consider a compound broadcast channel with N antennas at the transmitter, and K = 2
single-antenna receivers with J, = 1, Jo = 2. Then the DoF region is outer bounded by the following

region
di+dy < 1 (12)
N ! ’

1
dy + (N) dy < 1. (13)

C. DoF of Two-way 2 x 2 x 2 Relay Network with Caching

In the following, we provide a result on the achievability of the two-way 2 x 2 x 2 relay network with
multiple-antenna relays and single-antenna transceivers with caching:

4(N1+N2)

Proposition 3. Under the caching and transmission strategy given above, DoF > §—=5—%

for the two-way

2 X 2 X 2 relay network with multiple-antenna relays and single-antenna transceivers.

Proof: In our transmission strategy, the relays amplify-and-forward the encoded data available in their
caches. We treat the two relays together as a super-relay with two antennas that has access to W] and W2.
The super-relay intends to make W] decoded at D; and D3, and W, decoded at D, and D, since each
receiver can decode the desired message by cancelling the contribution of its own message. This becomes
equivalent to a compound MISO broadcast channel where message 17| should be received at both D; and
D3, while message W3 should be received at both Dy and D, as depicted in Fig. 6. Thus, using Lemma
I with N = N; + N, and K = 2, we obtain the DoF of %ﬁ:—m which needs to be multiplied by 2 due

the fact that each of the signals W] and W} is decoded by two receivers in the original channel. Hence

we obtain the DoF of iM1tN2)

NiN,+1 With caching. [ ]

Now, we provide a discussion on the optimal transmission strategy for the channel with relay caching.
Consider the following two transmission strategies for the relays:
o Encode W, and transmit with power P: It is helpful for receiver 1, has no effect for receiver 3, and
is treated as interference for the other two receivers.
« Encode W/ and transmit with power P: It is helpful for receiver 1 (exactly the same effect as in the
previous case), and is also helpful for receiver 3 (in contrast to the previous case), and is treated as

interference for the other two receivers similar to the previous case.



N, antennas /\

user 1, state 1

N, antennas

user 2, state 2

Fig. 6. Compound MISO broadcast channel as achievability for two-way 2 x 2 X 2 relay network with multiple-antenna relays and
single-antenna transceivers and with relay caching.

Comparison of the above two strategies suggests that if there is an achievability scheme where all of
the messages are decodable for some given total transmission power at the relays, then there is also a
strategy with the same power that comprises only W] and W,. Note that receivers 1 and 3 can decode
their desired messages by having access to W] (because they have access to each other’s message and

can subtract it), and similar relation holds for receivers 2 and 4. With this assumption, we present the

4(N1+N2)

following result that gives the sum DoF = ===

Proposition 4. For the two-way 2 X 2 X 2 relay network with multiple-antenna relays and single-antenna

transceivers and with caching at the relays, total DoFq = % if the relays only use Wll and WQ' in

their transmission rather than the original individual messages.

Proof: The achievability follows from Proposition 3. Now we give the proof of the outer bound.
With the assumption that the relays only transmit W] and W3. The channel can be seen as a compound
broadcast channel with two receivers, where each receiver takes two possible states as in Fig. 6. We know
that decreasing the number of channel states does not decrease the capacity [67]. So, we decrease the
number of states in receiver 1 to only 1. Then, according to Lemma 2, the DoF region of the compound

channel is bounded by (12)-(13) for N = N; + N,, and bounds () di 4+ ds <1 and d; + (5) do < 1.

These two bounds give a convex region with three non-zero corners of (dy,dy) = ( N]:fjr}gjl, levﬂrvgjl)

(dy,dy) = (1,0) and (dy,dy) = (0,1). Therefore, d; = dy = % results in the largest value of



2(N1+Na)

di +dy = N

which as before needs to be multiplied by 2 due the fact that each of the signals

W/ and WJ is decoded by two receivers in the original channel. Therefore we obtain ?\ENﬁNQ) as a DoF
1+Na2+1

upper bound. [ ]

The above result leads to the following conjecture on the general upper bound:

Conjecture 1. For the two-way 2 x 2 X 2 relay network with multiple-antenna relays and single-antenna

4(N1+N2)
N1+Na+1°

transceivers and with caching at the relays, the total DoFo <

Remark 2. The results in Section III-A show that the DoF of two-way 2 x 2 X 2 relay network with no
relay caching is bounded as 2 < DoF o < 8/3 and Proposition 3 shows that DoF¢ = 8/3 is achievable
with relay caching for Ny = Ny = 1. Hence caching can achieve the upper bound of the non-caching DoF
of the two-way multiple-unicast network, thus showing that relay caching in this network could potentially

improve the DoF.
Finally, the following corollary gives the DoF of symmetric 2 x 2 x 2 relay networks with caching.
Corollary 1. For the symmetric two-way 2 X 2 X 2 relay network with relay caching, DoF¢ = 4.

Proof: The proof follows from the following facts together:
« For the symmetric two-way 2 x 2 x 2 relay network with no caching, DoFyc = 4 (Proposition 2).
« For the two-way 2 x 2 x 2 relay network, DoFs < 4 due to the cut-set bound.

. DOFC Z DOFNc.

V. CONCLUSIONS

We have investigated the two-way 2 x 2 X 2 relay network, a class of four-unicast networks. We have
shown that the total DoF is bounded from above by 8/3, indicating that bidirectional links do not double
the DoF. We have also shown that DoF of 8/3 is achievable with caching at the relays. Therefore, the
proposed work demonstrates that caching can achieve the outer bound of the non-caching DoF of the two-
way multiple-unicast network, thus showing that relay caching in this network could be helpful in terms
of DoF. Finding the DoF for other models of two-way four-unicast networks as well as two-way networks
with more than four source-destination pairs remains an open problem. Moreover, the effect of finite-size

cache and message popularity in the information theoretic setting also remains to be investigated.



APPENDIX A

ACHIEVABILITY STRATEGY FOR PROPOSITION 2

We propose an achievability strategy for the symmetric two-way 2 x 2 x 2 relay network by applying
the time-extension method [39]. Here, we will see that on M -symbol extension of the channel, a DoF of
M is achievable for sources 1 and 3,! while a DoF of (M — 1) is achievable for sources 2 and 4, thus

achieving a total DoF of (4M — 2). Therefore, the achievable DoF = 44=2 — 4 as M — oc.

1. Beamformers at transmitters for signal alignment at relays:

With M-symbol extension, we consider M consecutive transmissions of the original channel as a
single transmission of an equivalent MIMO channel with A/ antennas and a diagonal channel matrix. In

particular, we write the M consecutively received signals at R in (1) in vector form as

Y, [Mn + M] Zp [Mn + M]
y;,:[n] Zz;,:[n]
H; g [Mn+1] 0 - 0 X;[Mn +1]
Z ,Rk[ ] [ ] : (14)
i=1 : : : :
0 0 oo Hyp [Mn+M] | | X,[Mn+ M]
H, n, [1] x[1]

for k € {1,2}. Note that due to the channel symmetry assumption, we have H, p, = H3 g, Ho g, =
H, r,. For simplicity, we omit the time index n in the following.

We assume that transmitter .S;, @ € {1, 3}, has M messages W, ;, k € {1,..., M} to send. Each message
W, is encoded into a Gaussian codeword of length n denoted by z;[1],...,x;x[n]. S; transmits the

symbol z;; via a beamforming vector v, i.e., its transmitted signal is

M
Xi =) Vi, € {13} (15)
k=1

Further, we assume that transmitter S;, i € {2,4}, has M — 1 messages W, s, k € {1,..., M —1} to send.

"In other words, the rate of R; = Mlog P + o(log P), for i € {1,3} is achievable over M time slots, for large P.



Each message W, is encoded into a Gaussian codeword of length n denoted by x; x[1], ..., z;x[n]. S;

transmits symbol x;; via a beamforming vector vy, i.e., its transmitted signal is

M—
Xi= Y Vortin, i€ {24}, (16)
=1

The beamforming vectors v; x, ¢ € {1,2} are such that the signals align at relays. In particular, at relay

Ry, the signals H; r,v1i+1, and Hy p, vo; are aligned, i.e.,
H, g viiy1 =Hyp v, ite{l,---,M—1}. 17)
At relay R,, the signals H; p,v;;, and Hy p,vo,; are aligned, i.e.,
H, g, vi,=Hopg, v i€{l,---,M—1}. (18)
Using (17) and (18), we can express all beamformers in terms of v, ; as follows

-1 -1 7
Viitl = (H17R1H2,R1H2,R2H17R2) V1,1, (19)

_ _ i—1 gy .
V2,i = (HQ,}%QHLRQHl,}%lHZ:RI) H27}32H1’R2V171, 1€ {1, Ce ,M — 1} (20)

Note that all matrices in (19)-(20) are diagonal and once v, is given, all other beamformers can be

obtained. Then from (14), the received signal at ?; can be written as

YR, = H1R1X1+H2R1X2+H1R1X3+H2R1X4+ZR1
M—1 M-1
= H;p E virZ1 e + Ho g, g Voo + Hi g, E vy kT3 + Ho g, E Vo rTa )k + ZR,

k=1 k=1
M-1

= Hipvii(zi1+x31) + Z Hy g, Vi (T + Toi + T3001 + 2a4) + 2R, (21
=1

where the last equality is due to (17). Similarly the received signal at relay R, can be written as

yr, = Hir,xi+Hjpg,Xo+Hj g,x3+ Hs g, X4+ zp,
M M—1 M—1
= Hipg, E vipTir + Hog, g Vo Tk + Hi g, g vi T3k + Ho g, E Vo kTa )k + ZR,
=1 =1 =1 =1
M—1
= E Hi g,vii (21 + 29 + 23 + 2a) + Hy gy vim (@10 + T3.0) + 2R, (22)
i1

where the last equality follows from (18).



A A
If we define HR1 = [Hl,Rl"l,b HLRIVLQ? c 7H1,R1V1,M]’ and HR2 = [Hl,szl,la HLRQVLZ? . 7H1,R2V1,M]7

then from (21) and (22) we have

T11+ X3
TRy,1
T192 + T32 + To1 + Taq
-1 o ) ’ ’ ’ -1 A .
Hiyr = ) +Hy zg, = : ; (23)
:CRl,M
Ti,m + T3 + Topm—1 + Tam—1
T11+ X371+ To1 + Ty
. TRy
-1 o . -1 A .
HRQyR2 = + HRQZRQ = : . (24)
T1,M-1 T T3Mm-1+ Tom—1+ Tanm—1
xRQ,M
TiMm + T3 M

2. Beamforming at relays for interference cancellation at destinations:

At time n, each relay amplify-and-forwards its received signal at time (n — 1). Specifically, R; sends

TR,k in (23) using a beamforming vector vg, &, k € {1,..., M}, ie.,
M
XR, = ZVRl,k$R1,k- (25)
k=1
R, sends xg, ), in (24) using a beamforming vector vg, , k € {1,...,M — 1}, i.e.,
M-1
XRy = O VR kTR ke (26)
k=1

The relay beamformers vz, 1, Vg, » are designed such that the interference is canceled in the signal received

at the destinations D;, i € {1,2,3,4}. Specifically, as before, with M-symbol extension the equivalent



MIMO model for the received signal at [); can be written as

_ Yi[Mn + 1] | _ Zi[Mn +1] _
Yi[Mn + 2] _ Z;i[Mn + 2] N
Yi[Mn + M] Zi[Mn + M]
) il — am o )
Hpg, i[Mn + 1] 0 0 Xpg, [Mn + 1]
i o HR,c,i[J\.In +2] .- (? Xr, [M.n + 2] o
k=1 : : r : :
0 0 -+ Hp, i[Mn+ M] Xg,[Mn + M]
) Hp, (] A X2y ] ’
for i € {1,...,4}. Note that due to the channel symmetry assumption, we have Hg, 1 = Hg, 5, Hp, > =

Hp, 4.
From (23)-(24), TR, i41 = T1i41 + 341 + To; + 74, and xR, ; = T1; + T34 + To; + Tye,; (1gnoring

noise). In order to cancel z5; and x4; at D; and D3, we choose the relay beamformers such that
Hg Ve iyt = —Hp, 1 Ve, t€{1,...,M —1}. (28)

Moreover, we also have xp, ; = @1, + T3, + T2,-1 + T4 ;-1 and Tg,; = T1; + T3; + T2; + T4,;. In order

to cancel x;; and z3; at Dy and D4, we choose the relay beamformers such that
_HR1,2VR1,i :HR272VR271‘7 Z - {1,,M— 1} (29)
Using (28) and (29), the relay beamformers can be expressed in terms of vg, ; as follows:

-1 -1 7
Veyit1 = (Hp Hp, Hp, oHr, 2) VR, 1, (30)

_ -1 -1 i=ler1
Vryi = —(Hg,oHr, oHg (Hr,1) Hg, JHg, 2Vr, 1. (31

Hence given v, i, all relay beamformers can be obtained.

3. Successive decoding at destinations:

Now we examine the received signals at the destinations. From (27), the received signal at D;, i € {1, 3},



20

can be written as

yi = Hpg 1xp, +Hpg,1Xg, +2;

M M—1
= Hg, 1 g VR kTR k& + Hpy1 E VRy kT Rok T Zi
k=1 k=1
!

= Hp, 1 Vea(T1a + 231+ 211) +

M-1

! /
E Hpg, 1VR, k1 <$1,k+1 + T3 kt1 — Tk — T3kt Zy g — ZQ,k;) + z;, (32)
=1

where the last equality follows from (28) and z;k is the k™ entry of the noise vector Hgilz g, In (23) and

(24). Similarly, the received signal at D;, i € {2,4}, can be written as

yi = Hg, 1xg, +Hg, 1Xg, +2;
M M—1

= Hg, 1 E VR kTR ke + Hpy i E VRy kT Rok T Zi
k=1 k=1

!
= Hg, Ve, m(T1,m + T3 m + Top—1 + Tap—1 + ZLM) +
M—1

/ !
g Hg, 1VRr, . (xz,k + Tap — Top—1 — Tap—1+ 29 — sz) + 2, (33)
=1

where the last equality follows from (29) and x2¢ = x40 = 0.
If we define Hy £ [Hg, 1VR, 1,...,Hr,1Ve, m], and Hy = [Hg, 1 Ve, 1, -+, Hpy 1 VR, -1, HRy 1 VR, M)

then from (32) and (33) we have

i
Tig+ 231+ 24

T1p 4 T3o — T11 — Ta1 + 219 — 2 .
Hily, = _ bl +H 'z, ie{1,3}, (34)

! I
Tim + T3m — Ti,Mm—1 — T3M—1 + 2y 00 — 2o 011

I !
To1 4 Ta1 — To0 — Tao + 291 — 21

Hyly; = ' , , +Hy'z, i€ {24} (35)
ToM—1+ TaM—1 — T2 M—2 — TaM—2 T 2o pr—1 — 21 pm—1

!
Tim +T3m + Tom—1+ Tam—1+ 2y

Now from (34), D;, i € {1, 3}, is able to first estimate x; ; +x3 and then add it to the second dimension
in order to estimate x; 2 + 232 and so on. Finally, since Dy = S35, Dy knows x31, ..., 23, and therefore

it can decode y1,..., 1 . Similarly, since D3 = S, D3 knows xy1,...,21,, and so it can decode
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X3,1y---,yT3,M-

Similarly from (35), D;, i € {2,4}, can decode z;1,...,x; . And this completes the proof of

achievability.
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