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Abstract— This paper considers capacity scaling in the recently
proposed two-way MIMO (multiple input multiple output) rel ay

channel. In the two-way relay channel, two nodes use a relayf
exchanging data with each other. Under the assumption thatach 1
node has perfect channel state information and all nodes wér

only in half duplex mode, this paper shows that the capacitycales 2
linear with the number of transmit antennas and logarithmically T
with the number of relays, as the number of relays grows large
This result shows that with two-way relay channels it is posble
to asymptotically (in the number of relays) obtain full-duplex
performance while using only half-duplex nodes. M
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I. INTRODUCTION

Relay channels are a basic component of multi-hop net- K Relay Terminals
works where a relay node assists the transmission from a
source to a destination [1], [2]. Several different relaypro-
tocols have been proposed with different objectives inclyd
increasing capacity [4], [5], [6], [7] or enhancing coveeag .
through cooperative diversity [8], [9]. Recently, the MIMOnOt match with the best known upper bound [17] and the

) : . capacity region of two-way relaying is unknown in general.
(multiple !nput multiple output) relay channel has atteatt pecializing this result for the case of Gaussian chanmals a
a lot of interest [10], [11], where the source, relay, an

destination have multiple antennas. Upper and lower bounalf-dUpIeX nodes, [15] shows that l?y using two-\{vgy relgyin
one can remove th§ rate loss factor in spectral efficiency due

on the capacity of MIMO relay channel are derived in [3] . . .
. - .. o half duplex assumption on the nodes. Even for this special
Although the capacity of MIMO relay channel with f'xedc]ase, the capacity region is unknown.

number of relays is unknown, capacity scaling behavior 0

. : The goal of this paper is to study the capacity scaling
MIMO relay channel has been established in [14], when tri')%havior of large networks [12], [13], [14], with two-way
number of relays grow large.

An enhancement of the MIMO relay channel is the |v”Mdelaymg for Gaussian channels. We _conS|der the same two-
way protocol as proposed by [15] witR relays, where no

two-way relay channel, introduced in [15]. In the MIMO two—relaSy has any data of its own. We assume that bttand
way channel, two nodes use relays to exchange messa%e

with each other, so each node acts both as a source ananare equipped withM antennas, while all the( relays

destination. A system block diagram for a MIMO two-wayhaVEN antennas each. We also assume that perfect channel

relay is provided in Fig. 1, with two node&, and T, who state information (CSI) is available at all the nodes, Under

want to exchange information. In the first time slot, bdth these assumptions, the contributions of this paper can be

and T, are scheduled to transmit simultaneously while th%ummanzed as follows:

relays receive. In the next time slot, relays are scheduled® e derive an upper bound on the two-way relaying
to transmit and both the terminals; and T receive. The capacity and show that it scales aslog (K) + O(1)
terminals use knowledge of the signals they sent in the first foranyN, asK — oo, for some joint encoding between
time-slot to cancel the known interference they receivenfro Ty andT.

the relay in the second time slot. For this two-way relaying « We derive a lower bound on the two-way relaying ca-

Fig. 1. Two way relaying protocol with multiple antennas.

protocol, with using a single relaj = 1 and assuming that pacity and show that it is possible to_ achieve t.he upper
all the nodes are full-duplex (receive and transmit at theesa bound on th? coherent two-way .relaylng capacity upto a
time), achievable rate regions faf and 7% are derived in O(1) term, without any cooperation betwegh and 7>.

[16] for different protocols (amplify and forward, decodeda Combining our upper and lower bounds, our main contribution
forward, compress and forward). These achievable rates ida characterization of the MIMO two-way relaying capacity



as the number of relays grow large. Under these assumptions, the received signai’atelay in
Notation: Throughout this paper the following notationthe first time slot, is given by

is used. The superscripts,” represent the transpose and

transpose conjugatéVl denotes a matrixm a vector and Ty = \/EH,CXJr \/EG]ET)H+ ny (1)
m; the i*" element ofm. £(f) denotes the expectation of M M"

function f, ||.|| denotes the usual Euclidean norm of a vectawherer;, is the N x 1 received signal vector, whil&}, and Fj,

I, is am x m identity matrix. We use the usual notatiorare the average signal energy received attfiaelay fromT;

for u(z) = O(v(x)) if |7ULE;;| remains bounded, a8 — oo. andT5 respectively. The signats andu are transmitted from

x ~ CN(0,0) meansz is a circularly symmetric complex 71 and7; which are to decoded d& and7} respectively. We
Gaussian random variable with zero mean and variance assume that the signal vectatsandu are M x 1 circularly
Variance of a random variableis denoted by vdr). >N  symmetric complex Gaussian with(x"'x) = M = £(u"u).
denotes the set off x N matrices with complex entries. The noisen;, is the N x 1 spatio-temporal white complex

z P,y denotes that random variableconverges tg with ~ Gaussian noise independent across relays withyn;') =
probability 1. I(z; y) denotes the mutual information betweer?“In- Each relay processes its incoming signal to transmit a
z and y, H(z) the entropy ofz and h(z) the differential N x 1 signalty in thg second time slot. ThM x1 received
entropy ofz. For the definition of (z;y), H(z) andh(z) we signalv andy at terminall’; andT; respectively, in the second

refer the reader to [20]. time slot are given by
= Qs (r) X TP,
II. TWO-WAY RELAYING SYSTEM MODEL V= ; WH’“ tr+w, y= kZ:l \/ Wthk +z (2)
A. Protocol

where Qi, P, denote the average signal energy received at
We consider a wireless network where there are two terndiz and 7 in the second time slot whiles arez are M x 1

nals 73 and 7, who want to communicate to each other vigpatio-temporal white complex Gaussian noise vectors with

K relays. TheK relays do not have any data of their owrf(ww') = &(zz'') = 0°Ip. We assume that there is

but only helpT;, andT; to exchange information. We assumé average power constraint at each of the relays, given by

that all theK relays are located randomly and uniformly in & (t{tz) = N. Throughout this paper we assume that both

area of fixed size. We assume that both the termifigland 77 and 7, perfectly know{Hk,H,(f), Gy, G,(f)} Vv k in the

T> have M antennas and all th& relays haveN antennas receiving mode but not in the transmit mode. while each relay

each.N > 1 and is independent af/. We assume that thereknows the CSI i.e. thé&'" relay knows eithe{Hj, G} or

exists no direct path betwe€ef; and 7, and that they can {Hif), Gif)}, in both the receive and the transmit mode. We

communicate only through th& relays. The transmission call this setup agoherent two-way relaying.

from terminalsT; andT5 is in spatial multiplexing mode i.e.  The path loss and shadowing effect parameférsP;, F;,

M antennas at each terminal, transmift independent data andQ;, V k are assumed to be independent random variables,

streams. We further assume that both the terminals andeall rictly positive bounded and remain constant over ther@nti

relays can operate only in half-duplex mode (cannot transnime period of interest. The randomness comes from the fact

and receive at the same time). The two-way relaying protoapht the relays locations are chosen randomly and stridtipos

is summarized as follows [15]. In the first time slot, bdth ity comes from the fact that the communication is happening

and T, are scheduled to transmit and all the relays receigwer a fixed area and bounded assumption comes from the fact

a superposition of the signals transmitted frdm and 7>. that none of the relays are too close to eitfigror T5. This

In the next time slot, all the relays are scheduled to transng a valid assumption, since it is a well known fact that in a

simultaneously and both the terminals receive. random network with nodes uniformly distributed on a fixed
two-dimensional area, the minimum distance between any two
B. Channel and Signal Model nodes in the network is larger tha}ﬁﬂ—(5 with high probability,

for any§ > 0 [18]. Following the same argumenfy, andQy,

We represent the forward channel betwdgnand thek™ v . are also assumed to be independent, strictly positive and
relay byHy = [hy hoy ... ha] and the backward channelyqnged random variables. The results in this paper apply to
betweenk" relay andTy by H{” = [h{}) h{;) ... h{}}]. independent, positive and bound&g, Py, Fi,, Q.

Similarly the forward channel betwedd” relay and7, is

denoted byGy = [gr1 k2 ... grm| and the backward I1l. UPPERBOUND ON THE COHERENT TWO-WAY
channel betweef, and thek!”" relay is denoted b}Gg) = RELAYING CAPACITY
[gg@) gé? ‘e g§5,>k]. Therefore{Hy, G,(:)} € CN*M and  |n this section we derive an upper bound on the capacity of

{H,(:), G} € CM*N with each entry in the matrix consistingcoherent two-way relaying. [20].

of i.i.d CN(0,1). We further assume that all these channels Theorem 1: If the number of relaysk — oo, the ca-
are frequency flat, slow fading channels and independengigicity of coherent two-way relaying is upper bounded by
varying across integer multiples of time slots. Mlog (K) + O(1).



where the inequality follows from the fact that conditiogin
can only decrease entropy. Recalling thatas assumed to be
circularly symmetric complex Gaussian wifl{xx") = I,

it follows from [19] that

1 1 E
I(x;ry,...,rxju) < Elogdet (IM—|— ]\;HHHk>

Interchanging the roles of andu and replacngk with Fy,
and H;, with G,

Fig. 2. Cut across both the sources
log det <

K Relay Terminals

l\J|’—‘

F T T
I(ujry, ... ,rglx) < IM+_Z kG( G( )>

Proof: To prove the upper bound we make use of the cutset =t

bound (Section 14.10 [20]). Separating the termifalfirst Substituting these expressions in (3) and applying Jessen’
and thenTy, from the rest of the network and applying théneduality [20]

cutset bounds on each cut, as shown in Fig. 2, M N X
1 Ry < 710g <1+szk> £ RY (4)
Rys < EH,.GE {gf(x;rl, coo TR, Y[t ~tK,u)} 7

k=1
1 and X
Ro1 < &€ .oy r —I(wry,...,r,v|ty,...tg,x M N
= {Hw’G;c)}fl{? (s Vit " )} Ro1 < —-log <1+ ZZFk> = Ry (5)
) 2 Mo® =
for some joint distributiom(x, t1, . . ., tx, u), whereR;; and Next we consider an approximation of this upper bound in

Ro; is the maximum rate at which; can communicate t@, the limit K — co. Recall that both~; and Fj, are assumed
andT» can communicate t@; respectively, reliably. By chain to be bounded/k. This implies vafE})) and va(F;) are also

rule of mutual Information [20] boundedvk and hence
I(x;r1,...,r,y|t1,. .. b, u) = i var(Ey,) <0 i var(Fy,) o
. k2 - ’ k2 -

I(x;ry,...,rlty, ..., tg, 1) 1 =1

+HI(x;ylr1, ..k, b1, ). Since the above sum is bounded for bdth and Fj,, from
Since conditioning can only reduce entropy [20] and gived] NeoremL.8D [21])
{x,u}, r1,...,rx are independent of;, ..., tg, it follows > p = E(Ey) wpl B & wpl
that > ? 2P0

k=1 k=1
I(x;ry,...,rilty,. .. tg,u) < I(x;ry,...,rg|u).

Now sincelog(.) is a continuous functlon, using (Theordn?
Given perfect channel knowledge at termifial [21])
RU w.p.1 %log (KNg(Ek))

I(x;y|r1,...,rk, t1,...tx,u) = I(x,2) o2

wherez is the AWGN noise. Sinca andz are independent, and
I(x,z) = 0, we have w.p.
(x.2) R 2 Mg (Kfve(Fk)) |

1 Mo?
R Sg{Hk,Gk}{f:l {§I(x;r1,...,rK|u)}. ) o
Given that E}, F), are boundedvk and M, N are finite

Similarly we get the corresponding result for tie — Ty integers, ag{ — oo

link, by interchanging the roles of andu, w.
Y ging “ CU 2 RY 4 RY L hog (K) + O(1)

1
R21 Sg{HISr),G;r)}le {El(u;rl,...,rmx)}. m
Using the chain rule of mutual information and givenlV. L owERBOUND ON COHERENT TWO-WAY RELAYING
Ey, F,,H, and G,(f) (which we assume is known at each CAPACITY
of the relay), from (1), it follows that In this section we lower bound the achievable rate for two-
I(x;ry,...,rgu) < way relaying. We use a constructive protocol that involves
maximal ratio combining (MRC) and beamforming for a single
<1/ —Hix+ny,.. \/ HKx + nK> data stream at each relay. At each receidar ¢r 75), every
data stream is independently decoded by a single antenna. We

—h(n,...,n assume no cooperation between the termifialand T5.



A. Relaying Protocol and Capacity analysis An important observation is thdf, knowsu;, i =1,2,... M

We assume that both; and7, transmit data in the spatial and therefore Wi}\? knO\I/vI;a(gge of.i, b\ g andg}) vk, it
multiplexing mode. Therefore there am/ data streams can cancel th& 7, h5/""u; term from the received signal
present in the network. The main idea behind this protocat i‘* receive antenna. Removing the self interference term
is the following. We assume that each relay in the netwoftom y;

is assigned to one out of th&\/ data streams, for which it , sig M .
performs MRC in the the receive mode and beamforming in vi=hi"z;+ > hiz;+ N,
the transmit mode. We have€ relays in the network, therefore J=1j#

each data stream is served By 2M relays. We represent the
M data streams going froffi, to 75 by z1, 22, ...z and the
J=1,j#1

M data streams going frof, to 77 by uy,uo, ... uy. We . . :
partition the set of relays intdM sets, with each set (of sizefshOWn to be circularly symmetric complex Gaussian. Due 1o

K /2M) being responsible for one of th&)/ data streams. independent decoding of each of thé data streams at each

We denote byX; andi;, the set of relays assigned to dat eceive antenna df, and noise plus interference contribution
streamx; and /l =1 2 ..., M, respectively. This protocol eing circularly symmetric complex Gaussian, using [18 t

is similar to one given by [13], [14]. With the help of thisachievable ratdt;, on theTy — T link is given by

Since T, knows {Ek,,Pk,Fk,Hk,Gk:,H,ir),G,gr)}szl per-
fectly, the noiseN; + S h{?*z; contribution can be

protocol we have the following Theorem on the achievable M
rate for coherent two-way relaying. Riz =Y a1 )
Theorem 2. For coherent two-way relaying betwe®h and i=1

Ts, each equipped witd/ antennas, vid( relays (each with where]; is given by
N fixed number of antennas), the total achievable rate scales a ‘
Mlog (K) + O(1) as K — oo, with no cooperation required I — 11 ) |h;*|? 8
between?) andT5. i = 508 | Lt oy int|2 | 2 (8)
. Djo1jzi BP0 (14 A)
Proof: Due to lack of space we only give a sketch of the I )
proof. From (1), the received signal &t" relay is given by and A is the contribution of the forwarded noise from the

oM M relays. By assumptiorfy;, and P, are positive and boundétk
rp =) — Z hj,z; + 1 it Z gﬁ)ug‘ + 1y, and with some work it is possible to show that the conditions
M = M = of (Theorem1.8D[21]) are satisfied and hence & — oo
Let us assume that the reldyis assigned to data stream hs9 £ {hsv:g}
. . i ) w.p. 1
(k € X;) and relaym is assigned to data stream (m € U;), - 0
. K/M K/M
then employing MRC at relay and m for z; and u; the
processed signal is given by hint  g{hi"t} 4 1 0
pr = hifrg, g & gEZ;ZHrm K/M  K/M
respectively. At each of the relays, we do beamforming for a A E{A} wp. 1 0
single stream on the forward channel. Therefore the transmi K/M B K/M
ted signalt; andt,, by relayk andm respectively, are given ) ) _ o
by The important point to note is that each termhif#* involves
ol h(H product of two independent channel coefficients, each with
ty = afpkﬁ, ty, = qukﬁ mean0, which implies€hi™} = 0. Using this observation,
ki

multiplying and dividing the argument of the logarithm ir) (8
wheref; and @, are the scaling factors such that the powesy (K/M)? and applying (Theorer.7[21])
constraintg (t/ t;,) = IV, is met at each of the relay.

Consider thel; to T3 link. First we compute the achievable wp. 1 1 K&?
rate on this link. From (2), the received signal at tié li —— 510% L+ - )
o Mo? (M/K + A)

antenna of7; is given by

K

P, as K — oo, where
Yi =/ Wk Z gritr + 2 (6) ig
=1 ey 1 A
_ o . : 0 = , A= ———

substitutingt;, and separating; in terms of the desired signal K/M K/M

x;, the interference signat;, | # i, the self interference Hence from (7), the achievable rate frafy — T5 is given
generated byu;,l = 1,2,...M, the forwarded noise from by

the relays and the receiver noise,
M

. M M w.p. 1 1 Z I((S2
; = h-?lgxi + h;m‘{L + thlfIntu, + Ni R12 —_— = log 14+ ! ~
Y 7 j_lzj¢l ) J:Zl J J 2 Pt MO'Q (M/K + A)
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