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Abstract— This paper analyzes the capacity of a wireless relay
network composed of a large number of nodes that operate in an
amplify-and-forward mode and that divide into a fixed number
of levels. The source and relays are only allowed to operate at
given time slots, while the destination can receive signals all the
time. The capacity computation relies on the study of products
of large random matrices, whose limiting eigenvalue distribution
is computed via a set of recursive equations.

I. INTRODUCTION

This paper investigates a special class of wireless relay
networks, the multi-level orthogonal amplified-and-forward
relay network. Consider a wireless relay network with one-
directional transmission. There are three groups of nodes: the
sources, the destinations and the relays. The sources send
messages to destination nodes with assistance from the relay.
In practice, there are cases where the sources and destinations
are far from each other or there are obstructions between the
sources and destinations such that direct transmission from
source to destination performs poorly. Relays can be used
to improve the capacity in these scenarios. In some cases,
multiple levels of relays may be required.

Several configurations of the network are possible. The sim-
plest configuration is the multi-hop network. The relays send
a modified version of its received signal from the source to
the destination, and the destination decodes the message based
on its received signal from the relays. Multi-hop network is
illustrated in Figure 1. The other possible configuration is
the orthogonal relay network [11]. Sources and each level
of relays are allocated orthogonal resources for transmission.
The destinations listen all the time, even when the link are
very weak. The additional links to the destinations can further
improve the system capacity. This paper will focus on the
orthogonal relay network configuration. The orthogonal relay
network is illustrated in Figure 2.

An operation scheme called amplify-and-forward (AF) is
adopted by the relays in this paper. In an AF relay network,
the relays simply scale the received signals according to
their power constraint and forward the scaled signals to the
destinations. The AF operation is a reasonable strategy when
relays have a limited computation power and no centralized
control nor feedback exists. The AF strategy allows saving of
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Fig. 1. 2-level multihop AF relay network

Relay 2

Fig. 2. 2-level orthogonal AF relay network

both computation time and energy at the relays, at the price
of noise amplification at each level.

The impact of noise amplification on the system capacity has
been quantified for the multihop AF relay network in [5]-
[9], when the number of nodes gets large, but the number
of relay levels remains fixed. In [5], general capacity scaling
results for the multi-level multihop AF relay network have
been derived. This paper adopts the approach in [5] and applies
it to obtain a general formula for the multi-level orthogonal AF
relay network. The capacity formula is the expectation of the
log determinant of a product of random matrices. This work
needs classical tools from Random Matrix Theory throughout,
as developed in [1]-[4].

II. SYSTEM MODEL

This paper follows the similar system model as in [5]. Flat-
fading channel, perfectly synchronized transmission and re-
ception among all terminals are assumed. A network with K
levels of relays is considered. For completeness, let the source
be the 0t" level and the destination be the K + 1¢" level. The
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k'™ level consists of [; terminals. Aversion of interference
suggests a time-division transmission strategy: during each
transmission cycle, there are K + 1 time slots. At the kt'time
slot, k = 1,..., K+1, the k—1*" level is scheduled to transmit.
The message is sent by the sources at the 15 time slot. Then,
each level of relay terminals performs the AF operation; that
is, the k" level of terminals, k = 1,..., K, will amplify the
signal received at (kK — 1)** time slot according to its power
constraint and send the scaled signal at the k' time slot. The
destination nodes listen all the time and decode the message
by combining the signals received during the K +1 time slots.

Yi = Wh1,Uk2s - Uk)” and Xg = [Th1, Tho, .o Thi )
denote respectively the received and transmitted signals at
the k" level of relays, k = 1,...,K. Xo € Chlx! rep-
resent the transmitted signals at the sources, and Yy ;1 €
CE+DI+1x1 are the received signals at the destinations.
Y1 = [Yrt1,1, Y412, - - ~7YK+1,K+1}T, where Y11 €
Clr+1%1 gre the signals received at the destinations, at time
slot k. The K-level AF orthogonal relay channel can be
modeled as:

Y, = H Xp—1+ Zy, k=1,2,...,K;

Y11 ViiHi11X0 + Zky11
Yii1,K+1 VIE+1Hg 1 k1 XKk + Zr41,K+1

where Hj, denotes the channel matrix between the (k — 1)t*
and k'™ level; VYeHk 1, denotes the channel matrix be-
tween the (k — 1) level and the destination. The matrices
H, = {sz} € Chxlk-1 and HK+1k = {H +1k} €
Cle+1xle—1 are independent and their entries are i.i.d.~
Nc(0, 1) random variables, varying ergodically over time (fast
fading assumption). 7y accounts for the pathloss from the
k — 1*" level to the destination. Additive white Gaussian
noise Zj (with unit variance) adds at the k!" level. At
the destination, Zx 11 = [Zx41.1,  * » ZK+1.K+1)", Where
Z k41, is the destination receiver noise at time slot .

No cooperation nor channel-state information (CSI) is avail-
able at the source and relay terminals, but we assume full
cooperation and full CSI (i.e. the knowledge of the realizations
of all the random matrices {Hy }5 |, {Hx 11} ;") at the
destinations.

The power constraint at each node in the network is inversely
proportional to the number of nodes at its level. For each
level of relays, the received signals are scaled according to
the power constraint at this level of relays. The scaling factor
of the k" level of relay is ay. Therefore, the scaling is

Xk:ozkYk, k‘Zl,...,K

Py, is the total power constraint on the k" level, then

Py = EXPX}] = &2E[(H, Xp—1 + Zi) ! (Hp Xp—1 + Z))]

Since X_1, Hy, and Zj, are independent,

Py = R (E[XGE[H Hy) Xy1] + E[Z; Zy])
= OR(EXGL (D) Xk-1] + k) = il (Peo1 + 1)
Bk = P"%;'H is the power ratio, £ = 1,..., K. The scaling

factors can then be written as oy, = \/1/08klg, k=0,..., K.

For completeness, define 8y = /1/Py, ag = +/Po/lp and
Yy = (%XO.

To simplify notations, we introduce {G}.}1 1" and {Z, }1 !
for the equivalent representation of the channel between Yj_1

T
and [Yi 1k, -, Y1, 641] -

Y1,k
: = GYy_1+ Z;, k=1,.,K+1
Y1, K+1
It can be shown that {G}+/' and {Z} } ! satisfy
Gri1 = arVk+1Hk 11,5413

Fork=K,...,2,1

VVEHK 1k
G _ +
k= ! [ Gr1Hy,

!
L1 = ZK+1,K+1-

. 7l = ZK 41,k
’ Gri1Zk + 25,4
)]

The overall channel is then

1
Y1 =GiYo+ 21 = OTGIXO + Z] (2
0
We call G1Yy the signal part and the Z; the noise part.
Let ¥ be the expected covariance of Zj, given that the
destinations have perfect knowledge of the channels. The
matrices {Zk}K *1 have the following recursive relationship:

I 0

R U e

L k=K+1...,2.
(3)

Y1 is the covariance matrix of the noise part.

For the Gaussian noise channel, the capacity is achieved when
the entries of X are jointly Gaussian. Since there is no CSI at
the sources and the entries of Hy, Hx ;1 are i.i.d. Gaussian
and independent of Gg, [10] relates that the optimal Xy is
distributed according to N¢ (0, 221). Thus, the covariance
matrix of the signal part is G1G7".

The overall capacity can then be computed as:

1
C = TH I(XO§YK+1 | Gl)
_ 1 2 H
- K+1Elogdet<]+2 GGy, )
1
= — FEI I Ayt 4
ol ogdet( + Gy Gl) 4)

(The ﬁ term comes from the time-division scheme.) To ana-
lyze the capacity scaling behavior of the multi-level amplified-
and-forward relay channel, we take all [;’s to infinity. We



assume they tend to some given ratios while going to infinity,

U
say, lK’:—l —cp,k=0,..., K.

III. CAPACITY ANALYSIS

Stieltjes transform is a powerful tool for analyzing the limiting
eigenvalue distribution (LED) of large dimensional random
matrices. A thorough discussion of its applications can be
found in [2]. With F' as a distribution on R (here and in
the rest of the paper, one identifies a distribution on R with
its cumulative distribution function), the Stieltjes transform is
defined as

g(z)z/jo xizdF(x), zeCt={z€C:Im(z) >0}
®)

with the inversion formula
T2

1
lim —Im(g(x + i€))dx = F(x2) — F(x1).  (6)

el0 z, T
A sequence of distributions converges to a limit if and only if
the corresponding sequence of Stieltjes transforms converges.
The following result is a straightforward consequence of a
result by Silverstein [4]. The empirical eigenvalue distribution
of an n x n Hermitian matrix A, with real eigenvalues

ALy .., A is given by Fu (z) = %22:1 Liz>ag}-

Theorem 1: Let n, N > 1 and let us assume that:

(a) X,, = (X]}) is an n x N random matrix with i.i.d. entries

such that E | X7 — EX7|* = 1;

(b) N = N(n) with n/N — ¢ >0 as n — o0;

(¢) T,, is an n X n random Hermitian non-negative definite

matrix such that its empirical eigenvalue distribution Frp,

converges almost surely, as n — o0, to a (deterministic)

distribution Frp, with corresponding Stieltjes transform gr;

(d) X,, and T;, are independent.

Let A, = +X;T,X,. Then its empirical eigenvalue dis-

tribution F4, converges almost surely, as n — oo, to a

(deterministic) distribution F'4, whose Stieltjes transform g4
-1

satisfies
-1
1 7
ga2) " <9A<z>> * > @

in the sense that, for each z € C*, g = ga(z) is the unique
solution to (7) such that g € CT.

aa() +1=c (

In the particular case where 7T,, = I, the above equation
becomes )
CgA
2ga(z) + 1= ————, 3
2 1+ga(z2)

and its solution is the Stieltjes transform of the well-known
Marcenko-Pastur distribution [1].

To illustrate how Silverstein’s theorem is used to solve the
capacity expression (4), the single-level AF relay network is
examined first. The single-level case provides general guidance
for computing the general multi-level problem. A set of
recursive equations are then derived to compute the Stieltjes
transform of the LED of the multi-level AF relay network.

A. Single-Level Orthogonal AF Relay Network
When K =1, Gy = a1/72Hz 2,32 = I.

VY1 Ho

Glzao[ G2H1

s _[1 0
T O 8o+ GLGH

From (4), C'.ievel orth AF = %Elog det(I + G{{EflGl), where

1
GIs'Gy = — [HY, BT Ha,1 )
lo ’ H,
L Y 0
h=73 [ O GH(S,+ G2GH) Gy } (10)
GIS;'Gy = 2 HILH, , (10

Bily

Theorem 2: For matrices G{{X)flGl, GfZ;ng and T sat-
isfying (9), (10) and (11) with #¢ — ¢ and {* — ¢, the
Stieltjes transform gj, of the LED of GH'¥, ' G satisfies:

co(zg1(2) +1) = ,m

—Bo —Bo
(50 +91(2) 92 (ﬂo + 91(2)> * 1> (12

Y292(%)
_— 13
B1 + 7292(2) (3

where g; : Ct — CT and g : Ct — CT.

c191(2)
Bo + g1(2)

c1(zg2(2) +1) =

Proof: The basic proof idea goes as follows. From
(11), the eigenvalue distribution of G4'¥5 1G4 converges a.s.
to a scaled version of the MarCenko-Pastur distribution. The
corresponding Stieltjes transform gs can be shown to satisfy
(13) with g5 : Ct — C7. For (9), Theorem 1 applies to
compute the LED of G{{ Zl_lGl, if 1% is random Hermitian
nonnegative definite and independent of [Hy; Hi]T, with its
eigenvalue distribution converging almost surely as /g — oo.
It is obvious that llljlz of the eigenvalues of 7 are equal
to v1/00 and that the distribution of the other eigenvalues
of T1 depends on %Gf(Eg + GoGEY~1Gy. Therefore, the
missing link is the relationship between the eigenvalues of
GH (S5 +G2GH)1Gy and GH' Y5 ' Gy. This relationship can
be obtained by combining Lemmas 1 and 2 in [5]. From [5],

Lemma 1: 1) If X is positive definite, then
GH(S+GGT) G = GIE~ 3 (I+57 166G S 1) 174G

2) Let T = GH (S + GGH)~1G € C*! and denote by #; and
m; the eigenvalues of 7' and GHX~1G respectively, where
t StQS...Stl and mi §MQ <... Sml. Then

1 + mpg
From Lemma 1, the eigenvalue distributions of 77 and
GE»;1Gy satisfy

t k=1,...,1 (14)

T T
(c1+1)Fr, (ﬂo> = ez +alops; e, (1—:c) )



and their corresponding Stieltjes transforms satisfy

(c1 +1)(291, (2) + 1)
.M gl Boz Boz
m—Boz 11— oz (150292(1502>+1>(16)

Since G535 'G5 is Hermitian nonnegative definite, 7} is also
Hermitian nonnegative definite, and its eigenvalue distribution
converges a.s. Therefore, Theorem 1 applies to find the Stielt-
jes transform g;: combining (7) and (16) yields the conclusion
that g; satisfies (12) with g; : CT — C™. [ |

g1 can be only be solved numerically. The polynomial equation
obtained by combining (12) and (13) is of order 6 and only
one of the roots of this equation satisfies both g; : CT — C*
and go : C* — C™T. From g1, the inverse Stieltjes transform
(6) provides the corresponding LED Fj. The single-level AF
channel capacity is then given by

l
C'l-tevel orth AF ~ go/log (1+z) dFy(x) (17)

as lp — oo. Therefore, the capacity increases linearly with the
number of nodes at each level.

B. Multi-Level Orthogonal AF Relay Network

The generalization of the previous result to the multi-level
case requires a recursive transformation of the matrices as
well as an iterative application of Lemma 1 and Theorem 1
to compute the Stieltjes transform of the LED of the matrix
in (4). By introducing a new series of matrices {7} }X_,, we
can generalize (9), (10) and (11) to the K-level case.{T}} is
defined as

"B |0 G (Bk1 + Ge1 G ) T G

The series of matrices GI'¥; ' G can be then expressed in
terms of 1}.

_ H
GkHZlek = % |:H]I_(I+1,k H}?} Ty [ Ij{ﬁl’k} (19)

-1
H —1 _ YK+1 ITH
GK+1EK+1GK+1 . mHK+1,K+1HK+1»K+1 (20)

Again, capacity computation is through the LED of
G{{EflGl. The similarity between (9), (10) and (18), (19)
suggests a recursive way to compute the Stieltjes transform of
the LED of G¥¥'G for the multi-level case.

Theorem 3: For matrix series {Gf/ X "Gy}t and {T},} X,
satisfying (18), (19) and (20), the Stieltjes transforms g;, of the
LED of GkH E,;le satisfy the following equations.
Fork=1,... K:

Y9k (2) crgr(2)
=106 T = 5 @ T B + 02
ckgr(2) —Br-1 ( —Br-1 ) 21
Br-1+ gr(2) Br-1 + gk (2) s Br—1 + gr(2)
YK +19K+1(%2)

cx(zgr1(2) +1) = (22)

Bk +Vk+19K+1(2)

where g : Ct - CT, k=1,..., K +1.

Proof: From Theorem 1, the eigenvalue distribution
of GIY ' G} converges as. if T} is Hermitian nonnegative
definite and the eigenvalue distribution of 7} converges a.s.,
k = 1,..,K. (18) implies that T} is Hermitian nonneg-
ative definite. The relationship between the eigenvalues of
G151, Grsr and Ty, is provided in Lemma 1. As long
as the eigenvalue distribution of G HE;ile.H converges
a.s., then the eigenvalue distribution of 7} converges a.s.

For G# +1E;£HG K+1, (20) indicates that its eigenvalue dis-
tribution converges a.s. to a scaled version of the Marcenko-
Pastur distribution. It can be shown that the correspond-
ing Stieltjes transform g¢xy; satisfies (13) with gx i
C* — C™. The convergence of the eigenvalue distribution of
GH +1E;<1+1G K+1 ensures that the eigenvalue distribution of
Tk converges a.s. Consequently, the eigenvalue distribution
of G%E?GK converges, and so does Tk _1, and so on.
By induction, we conclude that the eigenvalue distribution of
GkHlele, k=1,...,K +1 converges almost surely.

As a result, combining (7), (8) and (16), the recursive equa-
tions (19) and (20) for the Stieltjes transform gj, of the LED
of GHY  'Gy, k= 1,..K{ + 1 can be derived. ]

Computing the capacity (4) requires the knowledge of the
LED of GH E;le. Explicitly, through introduction of a
new sequence {zk}kK:J’ll, where 21 = 2, 2p11 = Wﬁkk@)’
k=1,---,K. (19) becomes, for k =1,..., K:

Br—1+ gr(2) ( Ve Bre-1+ gr(2k) ) _

Grt1(zr41) = B 1+ =

¢k Pr—1+ Vegr(zk)
cr—1(Be—1+ g6 (21))? (zrgr (21) + 1)
crBr—191(2k)

Therefore, gi(zr), k = 2,...,K + 1, can be expressed in
terms of z and gi(z). Substitute gx11(zKk+1) in terms of z
and ¢;(z) into (20) yields an equation for g1 (z). The overall
equation for g; is of (very) high order when K > 2. The
root has to be solved numerically and should satisfy the
constraints, g,(2;) € CT, Vk = 1,...,K + 1. The LED F}
of GH El_lG 1 1s computed via the inverse Stieltjes transform
(6). The capacity is given by

l
Ck-level orth AF ~ Ti_l /log (1 + l’) dFy (ZL’)

as lg — oo. The capacity scales linearly with the number of
nodes at each level. Finally, it is possible to show that when
cp — 00, k=1,..., K and ¢y remains fixed, F} converges to
a special distribution which can viewed as a combination of
K + 1 orthogonal direct-link MIMO channels with different
channel gain factors.

IV. NUMERICAL SIMULATIONS

The theoretical LED obtained in Section III-B approximates
the empirical eigenvalue distribution of finite-dimension ma-
trices fairly well. Figure 3 shows that there is indeed a good
agreement between the two, even for a small number of nodes
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Fig. 3. Limiting versus empirical eigenvalue distribution
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Fig. 4. Varying the number of relays in a 1-level AF relay network: LED

in the network. The value of 7; is set to be 0.25 in all of our
simulations.

Also of interest is the effect of the number of relays upon
the LED and the capacity. The ratio between relay nodes and
source nodes varies, while the ratio between the number of
source and destination nodes is fixed. When there is only one
level of relays, the LED and the capacity are shown in Figures
4 and 5 respectively.

Figure 6 summarizes the comparison between direct-link trans-
mission, multihop relay and orthogonal relay networks. A
higher density at large eigenvalues implies a better capacity
performance. We can see that as the number of nodes at the
relay increases, multihop transmission starts to outperform
the direct-link transmission. In all cases, orthogonal relay
operation provides the highest capacity.

V. CONCLUSION

The capacity of a large scale multi-level orthogonal AF
relay network can be expressed by means of the limiting
eigenvalue distribution of a random matrix, whose Stieltjes
transform is shown to satisfy a set of recursive equations. A
general procedure for solving explicitly these equations has
been proposed, from which one can deduce both the limiting
eigenvalue distribution and the capacity. From the capacity
expression, we conclude that the capacity of the multi-level
orthogonal AF relay network scales linearly as the number of
nodes goes to infinity, with fixed ratios between all levels.

Capacity of single-level orthogonal relay network. cO = 0.5, P = 100

Capacity v.s. c1
** Capacity for c1— «

0 20 40 60 80 100
Fig. 5. Varying the number of relays in a 1-level AF relay network: Capacity

3 One level of relays: ¢0=0.257,=0.25, P=100
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H orthogonat ¢1 = 0.25)

0 100 200 300 400 500 600 700

no relay(c1->0)
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Fig. 6.
networks

Comparison between direct-link, multi-hop and orthogonal relay
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