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Abstract—In this paper we analyze the performance of at either transmitter or receiver. In a relay context, we enov
multiple relay channels when multiple antennas are deployed the multiple antennas to the relays, while the source and
only at relays. We apply two antenna diversity techniques at yhq destination are only deployed with a single antenna. Our
relays, namely maximum ratio combining (MRC) on receive and . L . . .
transmit beamforming (TB). We show that with K relays the investigation is based odigital rel_aymg, V_Vhere the relays
network can be decomposed intd< diversity channels each with decode, re-encode and re-transmit the signals. We show that
a different channel gain, and that the signals can be effectively the network withK relays can be decomposed irdtodiversity
combined at the destination. We assume that the total number of channels each with different channel gain, and the signais f
antennas at all relays is fixed atV. If the total transmit power for all K branch can be effectively combined at the destination.

all relays are the same as for the source and equally distributed We derive th itv b ds for thi . | bini
among all the relays, the network capacity will be lower bounded € defive he capacity DOUNGS 10r this signal - combining

by that of N relay channels each with single antenna, and upper t€chniques. Our analysis results can be applied to bottdirgo
bounded by that of single relay channels withV antennas. capacity and outage capacity [14] performance.

The rest of this paper is organized as follows. In Section
II, the basic system model and assumptions are introduced.
It is widely believed that ad hoc networking [1] or multi-Section Il introduces the signal combining techniquese Th
hop cellular networks [2] are important new concepts farapacity performance analysis are made in section IV. Sec-
future generation wireless systems [3], where either neobtion V presents and discusses simulation results and finally

or fixed nodes (often referred to as relays) are used to helpnclusions are drawn in Section VI.

forward the information to the desired user. One advantage

of these structures are that it is possible to unite multiple Il. SYSTEM MODEL

relays in the network as a “virtual antenna array” to forward . .

the information cooperatively, while appropriate combipit We consider a two hop network model with one source, one

the destination realizes diversity gain. The diversityiestd destmatlondag(f(_relz_ays. Vv\ée |g|nore the d|re<;]t link bletween :
in this way is often named asser cooperation diversity source and destination. We also assume that total transmit

or cooperative diversity [4], as it mimics the performance power of. thg source and relays are the same and that it is
advantages of multiple-input multiple-output (MIMO) sgsts equa}lly d|s'tr|bute'd among the relays. Each relay procetbes

[5] in exploiting the spatial diversity of the relay channelhe rece_lved_ signals mdepende_ntly._ We assume that the soqd:e a
performance limits of space-time codes, which can expl stination are deployed with single antennas, while relay
cooperative diversity, are discussed in [6]-[8] for singlé eployed withm;, antennas. We assume that the total number

antenna relay networks. For multiple-antenna relay cHann8f antennas at all relays Is fixed 1. This can be expressed

where every terminal in the network can be deployed wiff K
mult?ple gntennas, studies are mainly concentrated onaspat Z mg = N. 1)
multiplexing systems [9]-[11]. —

In this paper we exploit the spatial diversity of the relay
channels in a different way from space-time codes bas¥(® restrict our discussion to the case where the channels are
approach. We apply two kinds of antenna combining techlow, frequency-flat fading. The data transmission is ower t
niques at the relay, namely maximum ratio combining (MRd'mes slots using two hops. In the first transmission time, slo
[12] for reception and transmit beamforming (TB) [13] foithe source broadcasts the signal to all the relay termifals.
transmission. Those techniques were often used in point-t3Put/output relation for the source to tti¢h relay is given
point wireless links to enhance signal-to-noise ratio ($NFRY
at the output of the receiver by deploying multiple antennas rp = y/nhis +ng, (2)

I. INTRODUCTION



where r; is my x 1 receive signal vectorn denotes the
transmit power at the source. Theis the transmit signal
with covariancel and ny is the m; x 1 complex circular
additive white Gaussian noise vector at relayvith identity
covariance matrid,,, . The vectorh,, is them; x 1 channel
transfer matrix from source to thgh relay and can be further
expressed as

h;, = \/OTk:flkn (3)

where each entry dhy, are identically independent distributed
(i.i.d) complex Gaussian random variables with unit vac@&n
Each factoray contains the pathloss and can be written as
ap =z, ', wherez;, is the distance between the source and
relay k. The scalary denotes the path loss exponent. In the
second hop, each relay processes its received signals and re
transmits them to the destination. The signal received &t th

‘"I’?elayK

destination can be written as: Fig. 1. System model for a two hop network: Source and destimatre
K each deployed with 1 antenna. Totally antennas are deployed At relays.

. d 4 For each channel realization, either backward or forwamhaok! coefficients

y= Z 8kd) + nd, (4) for all N antennas remains the same regardless of the number of Elays

i=1
where the vectog;, is the channel matrix fronkth relay to
the destination, which might also be written as: whereh,; , denotes théth antenna at relay, andn; , denotes
the noise factor foith receiver input branch. The SNR at the

8k = VP8, ) output of the receiver can be written as:
where each entry og; is an i.i.d. complex Gaussian random mi
variables with unit variance. The scal@f also contains the P = ”Z |hi k). (8)
pathloss from thé:th relay to the destination. The scatay is i=1

the complex additive white Gaussian noise at the destimatio afier the relays decode the signals, each relay then pesform
with unit variance. The vectod, is the transmit signal 1g of the transmitted signals. If we denote the transmitted

vectotr a_lttrelayk, which should meet the total transmit powegjgnals asi, with unit variance, the transmitted signal vector
constraint:

5 nm d; for relay k£ can be written as
B {ldl7] < T5*, (6)
N q - e el .
where ||e|| . denotes the Frobenius norm. We assume a co- k= N lells ke ©)

herent relay channel configuration context wherefitierelay

can obtain full knowledge of both backward channel vect Tlhe destination receiver S'T“p'y detects th_e qombmed lgna
rom all K relays. If we adjust the transmission data rate so

h; and forward channel vectas;. For fair comparison, we that the si | tv decoded at all th | )
also assume that for each channel realization, either tackw at the signals are correctly decoded at all the relays (e
d, = s), the output signal at the destination can be written as:

or forward channel coefficients for alV antennas remains

the same regardless of the number of rel&yslt will not be K I K
difficult to see that the conclusions on either Ergodic ciépac y=s Z M Z ik +na=s ng +nq (10)
or outage capacity in this paper also hold if we extend the k=1 N i=1 k=1

discuss to a more general case where each antenna is fixe

i . . .
the network. Fig. 1 gives a description for the system modﬁ Ean be seen from (10) that by applying antenna diversity

Sechemes at relays, the networks can be decomposdd to
I11. ANTENNA DIVERSITY TECHNIQUES INRELAY diversity channels each with channel gain The output SNR
CHANNELS at the destination receiver can therefore be written as:

In this section we apply MRC and TB techniques to the K
system model described in section Il. We assume each relay e
performs MRC of the received signals, by multiplying the =1
received signal vectors by the vectof /|hy||,» . The signals
at output of the relay receiver is given by

(11)

When all the relays are deployed with a single antenna, tkere i
. no traditional maximum ratio combining gain at the relayd an
S hE i the destination. However, the destination still observestaf

’ @) equal gain combined [15] amplitude signals from all relays.

2 i=1
WY Whiels + S
— K
=t E |hi,;€ 2 1Different from [15], the equal gain combining for relay chatmis applied
V i=1

mp

T =

at the transmitter instead of the receiver.



Since we assume that the backward and forward chan
coefficients for each antennas are kept same for differe
number of K andm;. The output SNR at the destination cat

be rewritten as
2
1_ .
pd N ( ) )

when all the antenna are deployed in one relay (Ke= 1
andm; = N), full diversity gain is achieved among all the
N antennas at the relay and also at the destination. The S
can be rewritten as

K
oy =1 > lginl’

k=11i=1
IV. CAPACITY PERFORMANCE

K my;

ZZ |9i k]

k=11=1

12)

13)

In this section we derive the capacity bounds for the scher
proposed in previous section. The network capacity fortaligi
relaying can be written as

Cgbk — min (Cﬂ’ml , C?,TTL’_)’ e C:(’mk , C;nk) (14)

where  CE™s =0.51log, (1+ p™*) denoting the
Shannon capacity from source to reldy channel, and
C7"™ =0.5logy (1 + pJ*) denoting the Shannon capacity
from relays to destination channels. The factos denotes
the half bandwidth compared with non-relay channels.

We firstly analyze channel capacity from the relays t
destination link by bounding thg)*,i.e. the output SNR at
the destination.

Lemma 1: For anymy, p} < pli"* < pl.

Proof: See Appendix. |
From Lemma 1, we can see that
cl<opr<cy, (15)

whereC} denotes the capacity for relays to destination cha
nels whenkK = N, and C} denotes the capacity for relay
to destination channels wheldi = 1. Now also considering
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Fig. 2. Capacity of single MIMO relay channels for differemtmber of
relays K, while each relay is deployed witiln antennas. (al0% outage
capacity. (b) Ergodic capacity.

n_
single relay channel wittV' antennas. This means that even
there are more relays, the increased “equal gain combining”

the capacity from the source to relays link and extending tigain at the destination can not compensate for the loss of
analysis to the whole network scenario, we have the follgwirmaximum ratio combining gain at the relay and the destinatio

theorem:
Theorem 1: If we denote the network capacity féf = N
asC} and forK = 1 asCJ, for anymy, CH < Ch* < C¥.
Proof: Considering the SNR,"* for the source to the
kth relay link, if we denote it ap. for K = N and p¥’ for
K =1, it can be shown that

min (p;,) < min (p"*) < p7'. (16)
Therefore, we have the following:
min (C}1, -+ ,C'T].V’l) < min (C™, -, C’,I.("m’“) <chN,
17)

Combining (17) and (15), we thus complete the proof. m

when numbers of antennas at each relay are reduced.

V. SIMULATION RESULTS

We calculate the both ergodic capacity an@’% outage
capacity (in bits per channel use) for 1000 channel reaizat
regarding different values of, denoted a® in the figures. In
this simulation example we assume that the distance between
source and destination is normalized. The relays are umifor
and randomly located in the middle region between the source
and relays. Therefore;, is set t00.5. We assume the total
number of antennas at relayd’) is 6 and we also assume
that all K relays have the same number of antenmas
Fig. 2 shows the capacity performance. We can see that for

From the above analysis we have shown that for the sigmifferent (K, m), the capacity is always upper bounded by
combining techniques discussed in the paper, the netwdik6) and lower bounded by6, 1). These results verify the
capacity will be lower bounded by that df relay channels analysis made in this paper. Furthermore, we can see through
each with single antenna, and upper bounded by that ofthee simulation that largem and smallK' might give larger



benefit, since largem allows more freedom of cooperation Next we prove thap’ > py'*. For simplicity, we denote
among the antennas at each relay. Therefore wheeaches

M
N (K reduces tal), full cooperation are made among all the ap = Z |gi 2 (23)
antennas to give rise to the best performance. =

VI. CONCLUSIONS in equation (11) and (13). Thew) — py'" can be written as

In this paper we analyze the performance of multiple K K

relay channels when multiple antennas are deployed oty —p7 = L SN -mp)ar— > Jmimaia
at relays. We apply antenna diversity techniques at relays N k=1 i,j=15i#]
which are known as maximum ratio combining and transmit (24)

beamforming. We show that with™ relays the network can be Note the constraint by (1) in section Il, we have the follogrin

decomposed intd< diversity channels each with a different K

channel'gai'n, while the signals can be effectively combiated (N —my) = Z m;. (25)

the destination. If we assume that the total number of a@ienn = Tidk

at all relays are fixed t&v and total transmit power at all relays

are normalized, the network capacity will be lower boundgd kPu

that of NV relay channels each with single antenna, and upper K K K

bounded by that of single relay channels withantennas. — p) —pm — % ST miak— Y Jmiaim;a;
k=11i=1,i#k i,j=1;i#j

tting (25) into (24), we have the following:

APPENDIX (26)
PROOF OFLemma 1 Note the following:

We firstly prove thatp), < pl'*. We write the following K K K
33 w3 (ma
k=1i=1,i#k i,j=1;i#j

/ N BT < P K K

MmE 1 — d P _ - .
Pa P ; N Z; |9,k N Z; |9i.k] |- —05 Z (msaj) + Z (m;a;)
- - N i =Ly i =Lt ]

Ay By

To compareA;, with By, we write
2 =
- (Z |9,k
=1
mg
-n 2 i,j=15i7]
=N <(mk - 1)2 |93,k )

K
m;__ 1
2 P(]iv_pd “oON Z (miaj)
> (19) i,j:l;i;éj

mg
Ui
Ai - B,f:N Mg Z |9,k
i=1

K
‘ n
» tay 2 (ma)
n 4,j=1;i#]
N > 1gikllgix (20) e
i =150 n 2
=T =g 2 (Vi — i)
Note that i,j=13i#£]
U ok Ok Thereforepd > p' andp} < pi™s < pi¥
2 2 Pd Z Py Pia=>Pqg" = Pq -
(me =)D ginl™=>" D lgix (21)
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