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Abstract—In practical large scale relay networks, it is often
an unfeasible task to adapt the strategy of the relays to each
source/sink pair communicating through the network. In this
paper we consider the strategy of the relays as fixed and chosen
in advance. In this context, it is a crucial problem for the source
node transmitting information, to know the strategy of the relays
in the network. Therefore we optimize the transmit strategy of the
source node, assuming only partial relay information knowledge,
i.e., channel state information and relay strategies. We also study
the impact of getting complete relay information from certain
relays only, derive the reduction in the problem uncertainty due
to this knowledge and evaluate numerically the performance of
the network.

I. INTRODUCTION

Relay networks are models for communication systems
where one or more sources transmit information to one or
more sinks through relays. In order to reduce the complexity
of relays, a lot of attention has been paid to amplify-and-
forward (AF) relay networks (e.g., [1]-[5]). Less work has
focused on the case where the channel state information (CSI)
is unknown or incomplete at the source/relays/sink nodes. In
[6], the authors developed power allocation strategies for a
three-terminal AF relay network requiring only the knowledge
of the mean of the channel gains. In [7], the authors derive
the optimal relay precoders for a parallel relay network with
K relays and partial CSI at relays and sink. In [8], the
authors consider a 2-hop network and develop an opportunistic
relaying strategy using distributed space-time codes requiring
only statistical CSI at the relays.

The present paper differs from these previous works by
two main aspects. First the present work considers general
networks with no specific number of hops or topology. The
only mathematical restriction is that our networks must be
representable by a directed graph, which is not a limitation
from the practical point of view. The second, more important
difference, is that we consider the strategies of the relays to
be fixed, chosen in advance and that the source node shall
optimize its strategy given this fixed relaying choice. It is
indeed very costly and unpractical to adapt the strategy of the
relays in a network for each source/sink communication using
the network. A simple method for a network owner would
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be to set the amplification factors of the different relays to a
random value or a predefined value.

In this context, it is crucial for the source node to know
the relay strategies. This knowledge is however expensive
to gather since all relays participating in a communication
should first transmit their strategy to the source node. To save
energy and bandwidth it can be advantageous to assume only
partial knowledge of relay strategy and CSI at the source node
and develop a worst-case transmit strategy. Note that if the
source/sink pairs are fixed it could have been an option to
gather once the relay strategies at all sources. In a real network
however, the source/sink pairs change constantly, using each
time different sets of relays, which renders this simple ap-
proach infeasible. To tackle this problem we first define relay
information (RI) as CSI and relaying strategy, in other words
the RI of a relay consists in its amplification factors (i.e. its
strategy) and its CSI as a receiver (CSIR). The strategy of the
source node strongly depends on its RI knowledge.

The contribution of this paper is manifolds. We present a
framework, based on our recent work [9], enabling to study
the impact of partial RI at the source node while assuming
complete RI at the sink. We develop a worst-case optimization
solution for the source precoder in order to cope with missing
RI. We explain how gained RI from specific relays decreases
the problem uncertainty and evaluate the performance of the
network with different amount of RI.

The rest of the present paper is organized as follow. In
Section II, we describe our network model, in Section III we
present the optimization problem, in Section IV we propose a
solution to this problem, in Section V we study the influence
of gained RI on the overall problem uncertainty, in Section VI
we show numerical results validating our approach and finally,
Section VII concludes this work.

II. RELAY NETWORK MODEL

We consider networks that can be represented by a directed
graph G = (V,€) with a vertex set )V and an edge set £ with
|€| = e. The network has one source node, one sink node and
arbitrarily many relays. The source node transmits a vector
x € C" to the sink node which decodes a vector X € C".
We assume that x is zero-mean, normalized and uncorrelated
such that x ~ N¢(0,1,,). For simplicity we assume that the
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source has n outgoing edges, the sink has n incoming edges,
the min-cut of the network is at least n and the source has no
direct connection to the sink. The relays can linearly combine
incoming signals and forward them to the next relays or sink.
We illustrate an example network in Figure 1.

Fig. 1.

Amplify and forward relay network.

We call a connection, a chain of edges, X nodes and +
nodes between the source or a relay and a relay or the sink.
As explained in more detail in our work [9], a X node models
the channel gain of a connection and a + node the Gaussian
noise entering a connection. The vector h contains the channel
gains in the network (a + node has always a channel gain of
1) and n € C¥ is the noise vector applied to the N noisy
connections of the network such that n ~ N¢(0, Cy)).

We numerate edges in the network from 1 to e and define
(similar to [10], [9]) the matrix A € C¢*("*+N) which contains
1) the linear coefficients chosen by the source node to send
information through the network and 2) a coefficient of value
1 where noise enters a + node. Since we can always numerate
the edges outgoing from the source first, the matrix A can be
represented as a block matrix with the following structure

Ay 0}

A:{o A,

ey
where Ay € C™ " is a precoding matrix applied by the
source to the transmitted signal, A,, € Cle=n) XN js a matrix
composed of zeros and ones which distributes the noise on
the edges of the network. Further we define F € (C¢*¢
which contains 1) the amplification factors ﬁ-j € C chosen
by the relays to forward signals 2) the channel coefficients
represented by x nodes and 3) a coefficient of value 1 for +
nodes. The matrix F has the form

_fij 3 direct flow from edge j to ¢ through a relay
- _ ) hy ddirect flow from edge j to ¢ through a x node
Fig = 1 3 direct flow from edge j to i through a + node
0 otherwise.
2
Finally we define B € C®*" which represents the coefficients
chosen by the sink to filter information out of the network.

Since we can always numerate the edges incoming at the sink
last, the matrix B can be represented as a block matrix with
the following structure

B - []gj , 3)

where Bx € C"*" is a filter applied to the received signal
to get X. Note that F represents the amplification of the signal
after one hop. Therefore F¥ represents the amplification of the
signal after k£ hops. Interestingly F is strictly lower diagonal
and is therefore a nilpotent matrix, so there exists a power
q such that F¢ = 0. It is possible to represent the effective
amplification of the signal at each edge of the network, with
only one lower diagonal matrix M of size e X e,

M=L+F+F ...+ F ' = (I, -F)"L. @4

We have shown in [9] that
% = BIMA M =BYI.-F)'A ﬁ . (5)
n n

Given that we can always numerate the outgoing edges of the
source first, the incoming edges at the sink last and that there
is no direct connection between the source and the sink, F
can be written as

|70n><n Onxm Onxn
F= H L Omxn 9 (6)
LOHXTL N OanJ

with m = e—2n, H € C™*" contains the channel coefficients
of connections between the source and relays, N € Cm*™
contains ones for noise components entering connections
between relays and the sink and L € C™*"™ a strictly lower
triangular matrix containing all other coefficients of F as
described in (2). It is simple to calculate, for n > 1 (this
hypothesis simply enables to write more compactly the term
in the middle of the matrix and does not influence the rest of
the paper), that M is equal to

In Onxm Oan
M=| (I,-L)™'H (LIn—L)™' Omxn|. D
N(I,,-L)"'H N(I,-L)! L,

By putting (1), (3) and (7) together into (5) we can express X as
% = By (MyA,x + M, A, 1), (8)

where we have defined M, = N(I,, — L)"'H and
M, £ [N(I,, —L)~! I,]. Note that this network model
is very general and enables to represent different kind of
multiplexing, in particular it is possible to model a multihop
multiple-input multiple-output (MIMO) relay network.

III. WORST-CASE OPTIMIZATION PROBLEM
FORMULATION

As mentioned previously, we want to consider the strategy
of the relays to be the same for any source/sink pair and
therefore we assume that F' is fixed and cannot be optimized.
This assumption clearly raises the question, how does the
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network perform when the source node has only partial
knowledge of the channel gains and more important of the
relaying strategy. To answer this question we optimize the
matrix A, to maximize the mutual information between the
source and the sink given partial RI. The matrix By is taken
to be the minimum mean-square error (MMSE) filter.

We model uncertainty on the relay strategies and on the
channel gains, i.e., the uncertainty on F, as H = H + An
with ||Amlr < ey where H is a known matrix,
Apg is an uncertainty component with limited norm and
|Aullr = +/Tr(AgA}) is the Frobenius norm of Ay.
Similar we have L = L + Ay, with ||Ag ||z < €. Since N
is only composed of zeros and ones, depending only on the
physical structure of the network, we consider N as certain.

We would like to express the uncertainty on My and M,
caused by the uncertainty on F. We have

Mx = N(Im *L)ilH

= N(,-T-Ap)" ©)

LA+ An).
Lemma 1. (Woodbury Identity) Let X, Y € C"*™, Assume
X and X +Y are invertible, it holds

(X+Y) ' =X"!-X"'Y(I,+X 1Y) X!

Using Lemma 1 and defining I/ 2 (I, — L), we can
write (9) as

M, = NI/ +LALI,-LAL) 'L)(H+ Ag).
(10)
Now we can write
M, = M, + Anp, (11)
with
M, 2 NIH = N(I,,, - L) 'H (12)

and Apg, an uncertainty matrix for which we need to bound
the norm. For a given matrix X, we define \;(X) and o;(X)
as the ¢-th eigenvalue and respectively the i-th singular value
of X. omax(X) = 01(X) is the largest singular value of X.

Lemma 2. Let X € C™" ™. Assume that X is singular and
I,, + X is invertible, it holds

1T +X) "Ml < V.
Proof-
1T +X) "Ik

Vi Uz‘((In +X)71)?
Vol +X)_

Vi AT + X)L, + X))~

IN I

N 1+2/\ (X)) + A\ (XHX)) L
Vi (1 +oi(X) !

Ve (T4 0n(X)) 71

Vv,

where (a) and (b) comes from the fact that X is singular, i.e.,
An(X) =0 and 0,(X) = 0. [ |

—
S]
N

SIA I

Using Lemma 2, we can bound the norm of Aypg, as

HAMX ”F < UmaX(NI:‘/) (€H+\/REL (UmaX(I:/I:I) +UmaX(f‘/)5H))
A

= €,.
(13)
Similarly we can write
M, =M, + Ap,, (14)
with . .
M, = [NI,-L)™!' I, (15)
and AM,7 an uncertainty matrix with
HAM,] HF < Umax(NEI)UmaX(EI)mGL = €n- (16)

We would like to maximize the mutual information between
the transmitted signal and the received signal I(x,%). We
define the matrix E as the mean square error (MSE) matrix
defined as E = E[(X — x)(% — x)]. As shown in [9], I(x, X)
can be written as follow

I(x,%) = —log det(E)

I(x,%) = log det(I, + A "M, " (M, N, M, ") "' M,A,)
(17)

with N, £ AnCnA,,H. Now we define R as
R = M, (M, N, M,;"") "1 M, (18)

and the optimization problem we want to solve is
Ainﬁmum (log det(I, + A"RA,))

My AMy,

subject to Tr(AxAxH) < Pr,

where Pr is the available power at the source node. Note that
although we only express a power constraint for the source, the
relays are obviously also power constrained. Simply the source
node is not concerned with the power constraint of relays.

maximize
Ax (19)

IV. WORST-CASE SOLUTION
Similar to [11, pp. 228-229], we need to find a matrix
R such that for all (An,,Am,) with [An | < €
and [|An, |lF < €, we have R < R. If we find such a
matrix, we have log det(I, + AXHIV{AX) < log det(I,, +
ATRAY), V(Am,, Am,,) -
A. Worst-Case My, for an arbitrary My
We first define R,, = M;N, M and decompose it
as R, = R, + Ag, with R = M,N,M; and
Ag, = M,N A;‘,In + AMnN M+ AMnN,,API\I,In
We now bound AR, . We find
IAR,lIF < 2[MyNy ARy 7+ | Ant, Ny ARy, v
< 20max (MpNp)e, + O'max(Nn)€% £ e%.
AR is Hermitian it follows that
Usmg the dual Weyl inequality we
n) + €, which can be expressed as

Since the matrix
Yilhi(Ar,)| <
find that \;(R,) < )\ (
R, < Ug, (AR,, + e%I,Al)UIPiIlnAé R,, by writing the eigen-
value decomposition of R,, as R,, £ Up AR U
Uf{n is an orthonormal matrix and AR a dlagonai matrix

, where

with the eigenvalues of R on the diagonal. Finally we have
that R,* = R,;! and thus Mx“R,,—ll\/[x - MxHR,;lMx.
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B. Worst-Case My for an arbitrary My,

Similarly we decompose the matrix R as R = R + Agr
with R = MER:’lMx and Ag = MER;lAMX +
AR RoIM, + AR R;'Ayy, and bound Ap as follow

Ne2 2 ¢

||AR|| S 2Umax(MxR;1)6m + O—max(Ri

n
It follows that > ;|\ (Ar)] <
tive semidefinite we have \;(R) >
can be written as R = Ug(Ag —

> A
R = URARUg.
C. Joint Worst-Case Optimization

We now combine the two prev10us results. We use R,, i
stead of R,, and decompose R = MERn 1Mx =Ux
We find a lower bound for R as

R = ﬁR(KR_G;In)—Fﬁg = R

where
e; = 20max(1\A/IxﬁT_]1)ez + Jmax(ﬁy_ll)ei
It remains to solve the problem (19) with R Jde.,
ma)ginize log det(I,, + Afo{Ax) 0)
subject to Tr(AxAxH) < Py,

As shown in [12] the optimal precoding matrix A,* for this

problem has the form
A" = Vi diag(yp),

where Vg € C"*™ is the right singular matrix of R and p is
a power allocation vector calculated using waterfilling as

21

pi=(n=A)"t,  1<i<n, (22)
where Ay, are the eigenvalues of R and w is the water level
chosen such that 1", p; = Pr.

V. RELAY AND CHANNEL INFORMATION

We now look what happens when the source node receives
information from relays. We assume that the RI of a relay
contains its own strategy and the channel coefficients of its
incoming connections. We can write the matrix F as

F=R;+Rs+---+Rkg, 23)

where K — 1 is the number of relays in the network,
Ry € Ce*¢ fork =1,...,K —1, is a matrix containing the
relay information of the relay £ and R contains the channel
coefficients of connexions going from relays to the sink. We
can write each Ry as a block matrix similar to (6),i.e.,

[Om Onxm  Onxn
Ry = [Rur Rir Omxn|, (24)
[Onxn 0n><m OanJ
and it follows that
K K
H=> Ru;, L=) Ry, (25)
k=1 k=1

with Ry, € C™*™ and Ry, € C™*™ for k = 1,..., K.
The questions we want to answer are: what is the influence of
having relay information at the source node on performance
and how much relay information is necessary. To answer these
questions we formulate the loss in uncertainty provided by
the knowledge of relay information. We assume, to simplify
notations and without loss of generality, that the K first relays
transmit their relay information to the source node. Further
we c}eﬁne Tu as the set of nonzero coefficients of the matrix
Zszl Ry, and Tg as the complement of 7z. We then can
write

H = H(Tx) + H(Tn), (26)

and o
An = Au(Tu) + Au(Tu), 27
where, e.g, I:I('TH) is a restriction of H with zero coefficients

outside of Ty. Clearly we have

ZRHk =

which describes the fact that the relay information has a part
which is known already and an unknown part which decreases
the problem uncertainty. By plugging (28) into (27) and using
the fact that 7 and Ty are disjoints, we can show that

H(Tx) + Au(Tw), (28)

2

£y, (29)
F

|AE(Ta)llr < Tr)

where Ag(7z) is a matrix representing the rest uncertainty
about H. The known part of H is now Zszl Ry, +H(Ty).
Similarly it can be shown that

K’ ~
> Rup —L(T1)
k=1

To see the influence of relay information on the uncertalnty
of My and M, 1t remains to replace H by Zk 1 Ry +

H(T;). L by K Ry, + L(T7). ey by €. and €, by &,
in (13) an (16). This gives us new values for €, and ¢,, which
are smaller than the former ones.

2. (30)
F

|AL(TL)|lF <

VI. NUMERICAL RESULTS

We simulate the network in Figure 1. The coefficients of
the matrix F are generated at random ~ N (0, 1) to represent
the fact that the strategy of the relays is fixed. The matrix
H, L, Ag and AL are also chosen at random such that
|Aule < y[Elr and [|ALle < y|Ellr where we
call v the effective uncertainty. The source node assumes
err = 0.5]H||p and €7, = 0.5||L]|r, where 0.5 is the expected
uncertainty. In Figure 2 we plot the achieved mutual informa-
tion for the case where 1) the source node has complete relay
information (RI), 2) the source node has no RI and optimize
A based upon H and L (we call it the nominal case), 3) the
source node has no RI and performs a worst-case optimization
as described in Section IV, 4) the source node knows the RI of
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Fig. 2. Mutual information for different available RI (y = 0.5)
3.6 : . 4
b
3.4 4
~
I 3
%32 -
2
c ~3 _
2 TB--B-_g--
£ 3 8
2 x
= x
g -~ S
5 2.8 < R
2 —&—Complete RI AL
- 8- Worst Case with Rl of 2 Relays| A
P Worst Case with Rl of 1 Relay
|| & Worst Case without RI L
——Nominal Case
i i i i i i i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Ratio of the effective uncertainy to the expected uncertainty
Fig. 3.  Mutual information for different available RI (SNR = 10 dB)

one single relay and 5) the source node knows the RI of both
relays and perform a worst-case optimization as described in
Section IV. In all cases we choose v = 0.5. As expected, the
complete RI case is always best, the nominal case is the worst
and each RI information gathered at the source node improves
the mutual information. In Figure 3, we plot again the achieved
mutual information but this time with respect to ~/0.5, for a
SNR of 10 dB. In other words we want to observe the behavior
of the network when the effective uncertainty is lower or
higher than the expected uncertainty. The mutual information
stays constant for the case of complete RI since there is no
uncertainty. For a low uncertainty (< 0.6) the nominal case
is better than the worst-cases (with or without RI) since the
worst-case optimization overestimates the risk and designs A
for an unrealistic network. For a higher uncertainty (> 0.6),
the worst-case design starts becoming interesting if one has
RI available and from 0.8 on, the worst-case design is always
better. Finally, we plot in Figure 4 the frequency of occurence
of the ratio from the achieved mutual information to the mutual
information with complete RI. We want to see how often the
performance is far from the maximum. We see that the case
that the performance is less than 60% of the maximum occurs
much more often in the nominal case. A performance between
60% and 90% from the maximum occurs more often using a
worst-case optimization and the maximum mutual information
occurs as often for all cases.

10 T T T T T
—v— Nominal Case ! : :
-x-- Worst Case without RI

- @ - Worst Case with Rl of 2 Relays|

Frequency of occurrence
5
T

S aaiie i

107 E
@ @ Feckef

o e A 0 8

-4 I I I

i i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ratio of the achieved mutual information to the mutual information with complete RI

Fig. 4. Frequency of occurrence from ratio of achieved mutual information
to mutual information with complete RI (v = 0.5, SNR = 10 dB)

VII. CONCLUSION

In this work, we have presented a new model for studying
the influence of relay information on large-scale multihop net-
works when the strategy of the relays is fixed. We have derived
a solution to the worst-case optimization problem consisting
in maximizing the mutual information with partial knowledge

of relay information at the source. A future research direction
is to develop algorithms to choose which relay should send
RI to the source given a power budget.
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