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Abstract

We consider multi-hop multiple access (MAC) and broadcast channels (BC) where communication
takes place with the assistance of relays that amplify and forward (AF) their received signals. For a two
hop parallel AF relay MAC, assuming a sum power constraint across all relays we characterize optimal
relay amplification factors and the resulting optimal rate regions. We find the maximum sum rate and the
maximum rate for each user in closed form and express the optimal rate pair (R;, R2) that maximizes
1Ry + pa R as the solution of a pair of simultaneous equations. We find that the parallel AF relay
MAC with total transmit power of the two users P; + P, = P and total relay power Pg is the dual
of the parallel AF relay BC where the MAC source nodes become the BC destination nodes, the MAC
destination node becomes the BC source node, the dual BC source transmit power is Pr and the total
transmit power of the AF relays is P. The duality means that the rate region of the AF relay MAC with
a sum power constraint P on the transmitters is the same as that of the dual BC. The duality relationship
is found to be useful in characterizing the rate region of the AF relay BC as the union of MAC rate
regions. The duality is established for distributed multiple antenna AF relay nodes and multiple (more

than 2) hops as well.
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I. INTRODUCTION

The potential for significant capacity improvements has sparked much interest in cooperative wireless
communication over multiple hops with the assistance of intermediate relay nodes. For example, recent
work has shown remarkable throughput benefits of employing fixed relays (wireless extension points) in
cellular systems and wireless mesh backhaul networks [1]-[3]. Various relay strategies have been studied
in literature, primarily for point to point communications, i.e., with a single source and a single destination
[4]. These strategies include amplify-and-forward (AF) [5], [6], where the relay sends a scaled version of
its received signal to the destination; demodulate-and-forward (DemF) [6], where the relay demodulates
individual symbols and retransmits those symbols without regard to an outer code; decode-and-forward
(DecF) [7] where the relay decodes the entire message, re-encodes it and sends it to the destination;
compress-and-forward (CF) [8], [9] where the relay sends a quantized version of its received signal; and
estimate and forward (EF) where the relay sends a soft estimate of its received symbol to the destination.
Coherent amplify and forward relay networks are especially interesting as they take advantage of the
broadcast nature of the wireless medium and the coherent combining of signals that is specific to wireless
networks. Understanding AF relay networks offers insights into the role of soft information in a multihop
network [10]. Amplify and forward strategy is also interesting from a practical standpoint as it requires
the relays to only scale their received symbols. Thus the complexity and cost of relaying, always an issue
in designing cooperative networks, is minimal for AF relay networks. In addition to its simplicity AF is
known to be the optimal relay strategy in many interesting cases [11]-[15].

AF relay optimization for dual hop communications has been the focus of much recent research. [16]—
[18] consider the case of orthogonal relay transmissions. While orthogonal relay schemes are attractive
for wideband communications, Maric and Yates [19] and Nabar et. al. [20] have shown that for amplify
and forward relays, shared bandwidth transmission schemes can provide higher capacity. Larsson [21]
and Maric and Yates [19] also find closed form solutions for the relay amplification factor and the point
to point AF relay channel capacity with shared band transmission. Optimum and near optimum power
allocation schemes for single branch multi-hop relay networks have been considered in [22].

While much of the work on relay networks has focused on point to point communication, multiuser
relay networks are increasingly gaining attention as well [3], [9], [23]-[25]. In [26] gains for AF relays
in a multiuser parallel network are determined to achieve a joint minimization of the MMSE of all the
source signals at the destination. Tang et. al. [3] consider a MIMO relay broadcast channel, where a
multiple antenna transmitter sends data to multiple users via a relay with multiple antennas over two
hops. They find different algorithms for computing the transmit precoder, relay linear processing matrix
and the sum rate under the assumption of zero-forcing dirty paper coding and Gaussian signals. Capacity
with cooperative relays has been explored for the multicast problem by Maric and Yates [27], [28], for
the broadcast problem by Liang and Veeravalli [25], and for the mixed multiple access and broadcast

problem by Host-Madsen [29]. Maric and Yates explore an accumulative multicast strategy where nodes



collect energy from previous transmissions, while Liang and Veeravalli [25] and Host-Madsen [29] addresg
the general question of optimal relay functionality which may not be an amplify and forward scheme.
Azarian et. al. [30] explore the diversity-multiplexing tradeoff in half-duplex, cooperative multiple access
and broadcast scenarios for various AF and DecF protocols. With channel knowledge available only to
the receiving nodes, the diversity multiplexing tradeoff for AF is shown to be dominated by DecF. In
the absence of channel knowledge at the transmitters, AF protocols cannot utilize the array gain from
coherent combining of signals at the receiver and therefore nothing is to be gained from more than
one relay transmitting the same symbol simultaneously. The results of [19], [31] have shown that if
channel knowledge is available at the transmitters as well as the receivers then AF relay networks can
benefit significantly from coherent combining of simultaneous transmissions. In this paper we explore
this distributed array gain for multiple access and broadcast communications using amplify and forward

relay nodes.

II. OVERVIEW

We first state our general assumptions, followed by a summary of the main results.

Assumptions:

1) We focus primarily on two hop multiple access and broadcast communication via parallel AF relay
links where no direct link exists between the source(s) and destination(s). The absence of a direct
link between the source and the destination could represent a half-duplex system where the source
transmits on frequency fi, all the relays receive on frequency f; and transmit on frequency fo and
the destination receives on frequency fo. Our system model is also applicable to a full duplex system
where the distance between the source and the destination is large enough for the direct link strength
to be negligible. Note that propagation path loss is the main reason for employing relay repeaters
in practice.

2) While the hops are mutually orthogonal as explained above, we do not assume orthogonality for
the signals transmitted by different relays over the same hop. In other words, at each hop, we allow
superposition of simultaneous transmissions by the relay nodes so there is the possibility of coherent
combining. Using the terminology of [19], the relaying scheme for each hop is a shared bandwidth
scheme.

3) We allow centralized network optimization based on global channel knowledge. This is especially
relevant for fixed wireless networks with centralized operation, such as the mesh network of fixed
wireless extension points used for the cellular backhaul communications in [2]. With slow channel
variation there is enough time to percolate channel knowledge and centralized optimal control
decisions through the network. We allow arbitrary channel coefficients with the assumption that
the channel coefficients are held fixed throughout the duration of communication. Additive white

Gaussian noise (AWGN) with zero mean and unit variance is assumed for each channel.



4) We assume a sum power constraint across all relay nodes at each hop. The sum power constraini
is interesting for two reasons. First, it provides useful insights into optimal resource allocation for
cooperating nodes. For example, with different channel strengths associated with different relays it
is intuitive that the benefits of cooperation are optimized if relays with stronger channels participate
to a greater extent than relays with weaker channels. Optimal resource allocation across relays is a
challenging problem especially when the relays serve multiple users simultaneously, as in multiple
access or broadcast channels. The sum power constraint across relays automatically addresses this
resource allocation problem. The second reason is that the sum power constraint enables powerful
duality relationships that are also of fundamental interest.

5) Finally, throughout this paper we consider real signals, noise, channel and relay amplification factors.
However, many of the results apply directly to the complex case as well. The exceptions will be

pointed out in the conclusions section.

Results:
In this work, we pursue two related objectives. The first is to investigate the rate optimal relay phase
and power selection for two hop multiple access and broadcast channels with AF relays. With a sum
power constraint on all the relays, we characterize the optimal relay amplification factor for the parallel
AF relay MAC to maximize any weighted sum of users’ rates. We obtain the maximum sum rate and
the maximum individual rate for each user in closed form and present a pair of simultaneous equations
whose numerical solution yields the optimal rate pair (R, R2) that maximizes p1 Ry + puoRs for any
w1, e > 0. The optimal rate region of the parallel AF relay BC is obtained as the union of the relay
MAC optimal rate regions based on a duality relationship described next.

The second objective of this work is to identify duality relationships in AF relay networks. We obtain
a general duality result for multi-hop multiple access and broadcast channels where each hop may consist
of parallel AF relays and the relays may be equipped with multiple antennas. For the two hop case, we
show that the multiple access channel with total transmit power of all users equal to P and total relay
transmit power Pp is the dual of the BC obtained when the destination becomes the transmitter and the
transmitters become the receivers, and the powers are switched as well, i.e. in the dual BC, the transmit
power is Pg and the total relay power is P. In general, for multi hop AF relay networks with parallel
AF relays at each hop, and with possibly multiple antennas at the relays, the duality result holds when

each link is associated with the same transmit power in the original MAC and the dual BC channels.

IIT. SINGLE USER AF PARALLEL RELAY CHANNEL

We start with the simple illustrative example of single user (point to point) communication with the

assistance of R parallel AF relay nodes.



A. Point to Point Channel Model: PTP(F, P,G,{D}, Pg)

The input-output equations for this case are as follows:

R = Fuz+ Ng, (1)
y = Tr[GD (Fx 4+ Ng)] + n. 2)

where R, F, G, D and Ny are Rx R diagonal matrices with the i principal diagonal terms r;, fi, g, d;,
respectively representing the received signal at the 7' relay node, the channel coefficient from the source to
the i*" relay node, the channel coefficient from the i*" relay node to the destination, the relay amplification

th relay node, and the additive white Gaussian noise (AWGN) component at the ith

factor for the ¢
relay receiver, modeled as an i.i.d. zero mean unit variance Gaussian random variable. z is the symbol
transmitted by the source, y is the symbol received by the destination and n is the zero mean unit variance

AWGN at the destination node. The power constraints are specified as follows:

Source Power Constraint: E[z?] = P, 3)

Relay Power Constraint: E[||D (Fz + NR) ||?] = Tr(D?*(I + PF?)) = Pg. 4)

The point to point channel under these assumptions is denoted as PTP(F, P, G,{D}, Pg). We use
the notation {D} to indicate all feasible relay amplification matrices while we use D to indicate a
specific choice of the relay amplification matrix. For example, PTP(F, P, G, D, Pr) refers to the point
to point channel with a given D matrix. Similarly, while C*7F(F, P, G, D, Pg) refers to the point to
point channel capacity with a given relay amplification matrix D, CPTP(F, P, G, {D}, Pg) refers to the

capacity optimized over all D that satisfy the power constraints.

B. Capacity and Optimal Relay Amplification

The capacity of the point to point parallel AF relay channel and the optimal relay amplification factors
have been obtained previously by Maric and Yates [19]. We re-visit the result in order to introduce our
notation and to illustrate the key ideas that are later applied to multiple access channels. Given any choice
of relay amplification vector D that satisfies the relay transmit power constraint, the resulting channel is

an AWGN channel whose capacity is simply

Tr (GDF)> P
CPTP(F, P,G,D, Py) = log |1+ LGDEIT L) 5
( y 4 &, U, R) 0og + 1+ TI‘(D2G2) S
Therefore, the capacity optimization problem for the point to point channel may be represented as:
C"'T(F,P,G,{D},Pr) = maxC"""(F,P,G,D,Py), (©6)
€

where D is the set of feasible relay amplification matrices:

D = {D:Tr(D*I+ PF?) = Pg}.

N R
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The following result for the closed form capacity expression is presented in previous work by Larsson
and Rong in [21], and Maric and Yates in [19].

Theorem 1: The capacity of the point to point channel described above is

CPTP(PF, (D}, Pp.G) = log (1+ PPyTr [G7F” (I + PF? 4 PrG?) )

- figk
= log|{1+PPp> :
& £~ 1+ Pf + Pry;

The optimum relay amplification vector for the point to point relay channel is given by

D = yFG (I + PF? + PrG?) ', )

where v is a constant necessary to satisfy the relay transmit power constraint, and may be expressed

explicitly as

Pg
R\ E™ <F2G2 (I + PF2 + PpG2)~2 (I+PF2))' ®

C. Reciprocity of the Point to Point AF Relay Channel

From the result of Theorem 1, notice that
cPTP(F,P,G,{D},Pg) = CPTP(G,Pg,F,{D},P). )
The capacity is unchanged if we switch variables as follows:

P — Pg, (10)
Prp — P, (I
F - G, (12)
G — F. (13)

In other words, the capacity is the same if we switch the transmitter and the receiver as long as the

powers of the transmitter and the relay are also switched. Fig. 1 shows the dual channels that have the

same capacity.

Fig. 1. Point to point dual channels



Further, note that the optimal relay amplification vector was found as
D = 1FG (I + PF? 4+ PRG?) . (14)

Note that except for the constant -y the optimal relay amplification vector is identical for the original
channel and the dual channel, i.e., it is unaffected by the switch of variables in (10)-(13). However, the
normalizing constant v must be different on the two channels because the power constraints are different.

For the original channel v is given by Theorem 1, whereas on the dual channel we will have

P
Tr <F2G2 (I + PF? + PrG2) 2 (I + PRG2)> '

“dual = (15)
The following theorem shows that this duality property is actually much stronger as it holds not only for
the optimal relay amplification matrix D but rather for every feasible D.

Theorem 2:
c’TP(F, P,G,D,Pr) = CPTP(G,Pg,F,kD,P). (16)

Given any relay amplification matrix D for a point to point parallel AF relay channel PTP(F, P, G, D, Pg)
there exists a dual point to point parallel AF relay channel PTP(G, Pg, F, kD, P) that has the same
capacity as PTP(F, P, G, D, Pr) and where & is chosen to satisfy the relay power constraint of the dual
channel.

Proof: We start with the capacity and relay power constraint expressions of the original and the

dual point to point channels.
S TiDG) Tr(D?(I + PF?)) = Pr.  (17)

[Tr(FxDG)]’ Pr
1+1r(k2D2F2) | °

CPTP(F,P, G,D,PR) — log (1 + M) ,

CPTP(G, P, F, kD, P) = log (1 + Tr(k*D?(I + PrG?)) = P. (18)

Substituting from the power constraint into the capacity expression we have:
[Tr (GDF)]* P

Tr(DZ(;:PW)) 4 Tr(DgGg)

CcPTP(F,P,G,D,Pr) = log |1+

19)

[Tr (GDF)J? PPy ) | 0)

= log (1 T (D21 + PF? + PpG)
[Tr (FKDG)]* Pr
(I£+PRG2)) + Tr(k2D2F2)
2
T [Tr (GDF)]? PPy ‘
Tr(D?(I + PF? + PrG?))

PTP _
C"" (G, Pg,F,kD,P) = log (1 + TrD? (21)

(22)

Thus, CPTP(F, P,G,D, Pg) = CP'TP(G, Py, F, kD, P). [ |
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The proof of Theorem 2 illustrates an important point. By normalizing the noise power to unity and
also incorporating the relay power constraint into the normalized channel definition PTP(F, P, G, D, Pg)

may be represented as:

Tr (GDF) /Pg
— , 23
Y VTr(D%(I + PF? + PpG?)) van 9

Comparing this to the normalized representation of the dual PTP(G, Pg,F, kD, P), it is clear that the

normalized dual channel is identical to the original channel.

The appealing feature of this normalized form is that it is unaffected by any scaling of the relay
amplification matrix D by any constant x. While there is only a unique scaling factor for any diagonal
matrix such that it will satisfy the relay transmit power constraint, that scaling factor does not affect
the normalized channel as the power constraint is already accommodated into this form. Further, the

reciprocity of the point to point channel is also evident from the normalized form.

IV. PARALLEL AF RELAY MAC AND BC

Fig. 2. Dual Parallel AF Relay MAC and BC channels

For simplicity we focus on the two user case. The AF relay MAC and its dual BC models are depicted

in Fig. 2.



A. Symbol Definitions and Notation

Variable AF MAC Dual AF BC
R Number of parallel AF relays Number of parallel AF relays
P Transmit power for source 1
P Transmit power for source 2
P P+ P Total transmit power of R relays
Pr Total transmit power of R relays Source transmit power
fi[j ] Channel from j* source to it relay Channel from i** relay to j" destination.
gi Channel from i*" relay to destination Channel from source to i‘" relay.
d; Amplification factor at the i relay Amplification factor at the it relay
x Transmitted symbol for common source
T Transmitted symbol for source ¢
Y Received symbol at common destination
Yi Received symbol at i destination
T Received symbol at the i** relay Received symbol at the i’ relay
(di)(r) Symbol transmitted by the i" relay Symbol transmitted by the " relay
NR; Unit power AWGN at the i*" relay Unit power AWGN at the i*" relay
n; Unit power AWGN at %" destination
n Unit power AWGN at common destination

B. Two user Parallel AF Relay MAC and BC Models

We use the notation MAC(FI!!, P, FI2. P, G, {D}, Pr) to denote the two user multiple access chan-
nel described above, i.e. with the channels between the transmitters and relays Fl, F2 the corresponding
source transmit powers Pp, P» (respectively), the channel between the relays and the destination G, the
relay amplification vector D, and total transmit power at all relays Pg. To distinguish the MAC resulting
from a specific choice of D from the MAC where all D from the feasible set are allowed, we denote the
former as MAC (FU, P, FI2, P, G, D, PR) and the latter as MAC (FU, Py, FIZ, P, G, {D}, Pg).
1) MAC(FU, P, FI2 P, G, {D}, Pg): For the two user parallel AF relay MAC (FI!, P, F2l P, G, {D}, Pg),

the received signals at the relays and the common destination are as follows:

R = Fllz + FPay + Ng, (24)
y = TiGD (mel +Fp, + NR)] +n. 25)
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Normalizing the overall AWGN (including the noise forwarded by the relay nodes) to unit variance, the

destination output can be expressed as

, Tr (GDF) Tr (GDF) ,
y = Ty + w2+, (26)
1+ Tr (D%2G?) 1+ Tr (D%2G?)
The power constraints are:
Elzf] = P, 27)
Elz3] = P, (28)
Tr <D2 (I 4+ PF2 4 PQF[2]2>> — Pp (29)

Note that the power constraints are specified as equalities rather than inequalities. The equality con-
straint is important for the results of Theorem 3, Theorem 4, and Theorem 5 that appear in Section V.
The significance of the equality assumption for the power constraints is explained in the discussion at
the end of Section V-B. As in the point to point case, the power constraint can be substituted into the

channel output equation to obtain a corresponding normalized form
J - Tr (GDF) /Py .
\/Tr [D2 (1 + PFII2 4+ PR + PpG2)|
N Tr (GDF2]) /Pg
VT [D2 (1 + PFI2 4+ PyFRR + PRG2))|
2) BC(G, P, FI1 F2I {D}, P): We use the shorthand notation BC(G, Pg, FIl, F2I D, P) to indi-

cate the dual BC, i.e. the broadcast channel with transmit power Pg, channel vector G from transmitter to

29 + 1. (30)

relays, channel vectors F!l and FI2! from the relays to receiver 1 and 2 respectively, relay amplification
factor given by D and total transmit power used by the relays P. As for the MAC, we use {D} to
indicate all feasible relay amplification factors are allowed and D to indicate a specific choice. For the

dual broadcast channel, received signals at the relays and the two destinations are as follows:

R = Guz+ Ng, (31)
y1 = T[FUID(Gz + Ng)| + n, (32)
y, = Tr[FPD(Gz + Ng)| + ng, (33)
with power constraints
E[z}] = Pg, (34)
Tr (D? (I + PrG?)) = P. (35)

Notice that the relays are associated with power P and the source with power Pr. Normalizing the
overall AWGN (including the noise forwarded by the relays) to unit power,
Tr (FIIDG)

- \/1+Tr (D2FI1R)

/

U T+ nlla (36)




, Tr (FEIDG) , 1
Y2 = T + ny. 37
\/1+Tr (D2F12R)

Incorporating the relay power constraint into the normalized channel,

Tr (FIIDG) VP
Yy, = i ) VP z+n, (38)
\/Tr [D2 (I + PFU2 + PRG2)]
DG
s - Tt (F*DG) VP —_— (39)

\/Tr [D2 (1 + PR +PRG2)]

Recall that for the point to point case, the dual channel and the original channel were identical. Even for
the conventional MAC-BC duality, the channels on the MAC and BC are identical. However, the forms
of the equivalent normalized channels for the MAC and BC presented above are significantly different.
In particular, while for the BC, user 1’s effective channel gain in (38) is independent of F2 and user 2s
effective channel gain in (39) is independent of FIXl for the MAC the effective channel gain of user 1
(as well as user 2) in (30) depends on both F[”, Fi2. A duality relationship between these two channels
is therefore not a trivial observation based on their normalized channels. What makes the existence of
a duality relationship even more unlikely is the fact that the channels themselves depend on how the
total power is split among the users in the multiple access channel. With these apparent complexities,
it is rather surprising that a precise duality relationship does exist between the MAC and BC described

above, as we show in Section VI-A.

V. RELAY OPTIMIZATION FOR PARALLEL AF RELAY MAC

Given a relay amplification vector D the capacity region of the resulting scalar Gaussian MAC is the

well known pentagon that can be expressed as:

1+ Tr (D2G?)

[Tr (DGF))]”
Ry < IOg 1+ P )

1y
CMAC (U1, P, PP Py, G, D, Pr) = {(Ri, Bo) ¢ Ri<log (1+P1 [Tr (DGFI!)] )

1+ Tr(D2G?)

Py [Tt (DGFU)]” + P, [Tr (DGFP)]”
Btk < (1 + 1+ Tr (D2G?)

Taking the union over all D that satisfy the relay sum power constraint gives us a characterization of
the rate region of MAC(F[I],Pl,Fm, P, G,{D}, PR) as:

cMAC (F[”, P, F2 Py G, {D},PR> = Upepy, o CMAC (FU], P, F2 P, G,D, PR) , (40)
where

Dijac = {D Ty <D2 (I + P FI2 4 PQFW)) - PR} (41)

}.
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is the set of all relay amplification factors that satisfy the total transmit power constraint at the relays.
Note that in the absence of any further characterization of D we are left with optimization over the entire
space of feasible D, i.e. a R dimensional space. A brute force solution to such an optimization may be

difficult as the number of relays increases. Theorem 3 solves this problem.

A. Relay Optimization

The following theorem reveals the structure of the optimal relay amplification factor D for rate pairs
on the boundary of the rate region.
Theorem 3: The optimal relay amplification matrix D to maximize any weighted sum of users’ rates

w1 Ry + poRe with py, pe > 0, has the following form:
—1
D(6) = 4G (PlFm sind + PyF cos 9) (I + P FI2 4 PRl 4 PRG2> 42)

and v may be expressed explicitly as:

Pg

T = .
Tr (G2 (P FIWsing + PF2 cos)” (1 + PFIR + PFR2 4 PpG2) * (I+ PFIR + PFR))

The proof of Theorem 3 is presented in Appendix I. Note that the optimization space over D is now only
one dimensional, as opposed to the original R dimensional space. To identify a point on the boundary
of the rate region one only needs the corresponding . Therefore, the angle 6 in Theorem 3 plays an
important role. As we will establish in the following Theorems, |f| going from 0 to w/2 describes the
boundary of the rate region, with = 0 corresponding to the point where user 2 achieves his maximum
rate, §'! (defined in Theorem 5) corresponds to the points where the sum rate is maximized, and |0| = /2
corresponds to the point where user 1 achieves his maximum rate. This is also depicted in Fig 3.

Next we characterize the rate region explicitly by obtaining in closed form the rate pairs corresponding
to the maximum sum rate as well as the maximum individual user rates. We will also present a system
of equations whose solution is the rate pair (Ry, R2) that maximizes p1 Ry + j9Ro for any non-negative
11, ho. We start with the extreme point iy = 1, uo = 0 that characterizes the maximum possible rate of

user 1.

B. Maximum Individual Rate R,

Theorem 4: For the MAC (Fm, P, F3 P G, {D}, PR), the maximum rate R; that can be supported

is

—1
et = tog (1 PP (G2 (14 PEUR L REP ) ) ) G
= log |1+ PPy . (44)
=14 P+ PP+ Pry?
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This rate is achieved with relay amplification matrix D (0 = 7/2),

~1
D(r/2) = vP,GF!! (I + P FM2 4 pp2 PRG2> . (45)

Further, if user 1 achieves his maximum rate C1°, i.e. D = D(7/2), then the maximum rate that can be

achieved by user 2 is

(S8 g ren)
EU PP P £+ Prg?
ng[1]2 R g?f[llz

2
R
R’ it + PP ( R 2/ )
o Zz_l 1+1.31fi[1]2+P2fi[2]2+PRg? 1R 21_1 1+P1fi[1]2+P2fi[2]2+PRgi2
The proof of Theorem 4 is in Appendix II.

C® = log |1+ PPr

By symmetry, the expression for maximum rate C9' for user 2 is obtained by switching indices 1 and
2 in Theorem 4. Note that user 2 obtains his maximum rate when # = 0, i.e., with amplification matrix
D(0).

Theorem 4 leads to an interesting observation. Notice that 0110, 1.e., the maximum rate for user 1 in
MAC(FIU, P, FI2, P,, G, {D}, P) is not the same as the maximum rate of user 1 if user 2 was not
transmitting. In fact, for P, P» > 0,

Cllo < CPTP(F[Ha P, G, {D}a PR) (46)

Recall that in the conventional Gaussian MAC (i.e. without AF relays) the maximum rate that user 1 can
achieve is the same as his channel capacity as if user 2 is not transmitting. In the conventional Gaussian
MAC, even though user 2 transmits power P», user 1 can achieve his single user capacity with power P;
if the rate Ry allows user 2 to be decoded and subtracted out before user 1 is decoded. The reason this
is not true in the relay MAC is because of the power constraint at the relays. Even though user 2 can be
decoded and his signal subtracted out at the destination, it does not make the system equivalent to one
where user 2 was not transmitting at all. Transmission by user 2 affects the power constraint at the AF
relays, thereby strictly reducing user 1’s maximum rate as compared to the case when user 2 is silent.

Next we consider the sum rate, i.e. u; = pg = 1.

C. Maximum Sum Rate

Theorem 5: The maximum sum rate C'' of MAC (F[”, P, F2. Py G, {D}, PR), (i.e., a 2 user MAC
with R parallel AF relays, where the user’s transmit powers are P; and P, the total transmit power of

all relays is Pr and the relay amplification factor is optimized over all feasible D) is given by:
C"' = log (1 + SNR¥),
P
SNR* = 7R (P1A11 + PyAg + \/(P1A11 + PyAgy)? — 4P, Py (A11 A2 — A%z)) ;




14
where

2 ¢[1]2 —1
A, = = 9ic Sk =Tr <G2F[1]2 (I + PFI2 4 pyFR2 4 PRG2> ) :
k=1 1+ P fk + Pka + PRg]%
R -1
Agy = o AT = Tr <G2F[2]2 (I + PFI2 4 pyFi2 4 PRG2> > :
=1 1+ Pofy +P2fk * + Prg}

R -1
Ap = 3 . g1 Ty <G2F[1]F[2] (r+ PFIY? 4 PFP2 4 PRG?) )
=1 1+ Pify +Pfk +PRgl%

The maximum sum rate is achieved with relay amplification matrix D (0 = 6'!), where

PprPA
11 -1 RLI2A12
= . 4
67 =tan (SNR* — PRP1A11> “7)

Further, the following rates pairs (R;, Rg) are sum rate optimal:

1 — B)SNR*
(Ri'(2 = 1),R}' (2> 1) = (log(l + BSNR*), log (1 + %)) ,
(12,78 2) = (10 (14 75 g ) el + (1= BSNR)),

SNR* — P, Pp A
2SNR* — P1PRA11 — P2PRA22 '
The rate pair (Ri'(2 — 1), R} (2 — 1)) is achieved by successive decoding of user 2 followed by user

where g =

1, while (R'(1 — 2), R}(1 — 2)) is achieved by successive decoding of user 1 followed by user 2.
Proof of Theorem 5 is presented in Appendix III. Notice from Theorem 5 that the sum rate maximizing

point is not unique.

D. Optimal Rate Pair to maximize p1 Ry + paRa

Theorem 6: For any pi,pe with pu; > pe > 0, the weighted sum rate p1R; + poRo for the
MAC(FM,PI,F[Q},PQ, G, {D},PR) (i.e., a 2 user MAC with R parallel AF relays, where the user’s
transmit powers are equal to P} and P, the total transmit power of all relays is Pr and the relay

amplification factor is optimized over all feasible D), is maximized by the rate pair (R}""*, R5VH)

given by
R = log(1+ SNRY), Ry = log <1 + %) , (48)
where SNR7 and SNR7 are the solutions to the following simultaneous equations:
u o= m(l + PrP1 Ay + PrPyAjs /o) + &W(l + PrPApy), (49)
M1 = m(l + PprPi Ao + PrPyAy) + %(1 + PrPiApa), (50)
0 - PISNR{. (51)

P,SNR}
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Proof of Theorem 6 is provided in Appendix IV. Note that for py > p; the corresponding rate pairs can

be obtained by switching indices 1,2 in Theorem 6. While the simultaneous equations do not appear to
allow a closed form solution for general u1, po, closed form solutions can be obtained for the special
cases of u; = 1,2 = 0 and p; = pue = 1 as discussed above. In general, Theorem 6 allows a relatively
straightforward numerical solution that is much easier than a brute force optimization over all feasible
D. Solving the weighted sum of rate pairs optimization problem is especially useful for rate allocation

problems as well as to plot the entire rate region of the parallel AF relay MAC.

E. The Parallel AF Relay MAC Rate Region

R,

R1—>

Fig. 3. Rate region of two user AF relay MAC (F[l], P, Fm, P, G, {D}, PR) with user 1 and 2’s transmit powers equal to
P, P, respectively.

Combining the results of Theorems 3,4,5 and 6 the boundary of the rate region for the parallel AF
relay MAC (F[l], P, F2 P, G, {D},PR) is graphically plotted by the following algorithm. The steps
are labeled with reference to Fig. 3.

« A— B: Draw a straight horizontal line from (R;, R2) = (0,C9") to (Ry, Re) = (CPY, C9Y).
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e« B> C:Forf:0— 01

DO) = G (PFsing+ PF? cost) (14 PFLE 4+ pFEE 4 PRG2>_1 o
[Tr (GDF)2 .
= 1 14+ PP R e
Ry 0g< + 11 Re [D? (I~|—P1F[1]2+p2F[2]2+PRG2)] + Py Pg| r(G >]
Ry = log|1+ PP Tr (GDF))]?
2 = log 2PrRZ [D2(I+P1 123 BFERR ¢ PRG?)]

« C— D: Draw a straight line from (RI'(1 — 2),Ri'(1 — 2) to (RI'(2 — 1), R} (2 = 1).
e D— E: For 6 : 0" — sgn(9'")Z

-1
DW#) = G <P1 FlUsin0 + P,F cos 0) (I + P F 4 pFRP 4 PRG2> 63
Ry =1 14+ PP Tr (GDF[I])]Q
1 = log 1 RTr [DQ (I T PIF“]Q + PFR2I2 4 PRGQ)]

Tr (GDF2))]?
Tr [D2 (I + P1 Fl12 + P, FP2 4+ PRG?)]
« E— F: Draw a straight vertical line from (Ry, Rp) = (C{%,C1%) to (R1, R2) = (C{°,0).

R, = log (1 + PoPr + P, PR[Tr (GDF[I]>]2>

Fig. 3 shows the typical shape of the rate region. Optimal relay amplification factor is indicated on the
figure in terms of the parameter |6|. 6 is equal to zero between points A and B, it changes from 0 to
6'! (as defined in Theorem 5) in the curved portion from points B to C. # is constant at #'1 between
points C' to D. # changes from 0! to sgn(f'!)7/2 as we traverse the boundary from E, and it is again
constant at § = 7/2 from the point E to point F'. The coordinates of the points A, B,C, D, E, F' are all
known in closed form as given by the preceding results in this section. Point A" outside the rate region
indicates the maximum rate of user 2 with power P, if user 1 is not transmitting, i.e. P = 0. This
is strictly higher than point A which corresponds to the maximum rate of user 2 with power P, when
user 1 is sending constant symbols (R; = 0) that can be subtracted out at the receiver. As explained
earlier, unlike the conventional Gaussian MAC, user 1 sending constant symbols with power P; is not
identical to user 1 silent, even though the constant symbols can be subtracted by the destination. This is
because transmission by user 1 affects the relay power constraint. Notice that AF relays are only allowed
to scale the input, i.e. they cannot subtract the constant signal from user 1. Similarly, point F’ indicates
the maximum rate of user 1 if user 2 is not transmitting, which is higher than the maximum rate of user

1 when user 2 is transmitting (point F).

VI. DUALITY RELATIONSHIPS IN PARALLEL AF RELAY NETWORKS

In this section we examine the duality of the parallel AF relay MAC and BC. In the previous section
we obtained the rate region of the parallel AF relay MAC. Knowing the rate region of the AF relay MAC
would enable us to find the rate region of the AF relay BC if we could obtain a duality relationship

between the two. Establishing such a duality is the goal of this section.
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A. Duality of Parallel AF Relay MAC and BC

The following two theorems establish the duality relationship between the parallel AF relay MAC and
BC.

Theorem 7:
CMAC(F[ILPI?F[%’PZ?G7D7PR) C CBC <G7PR7F[H7F[2]7HD7P1 +P2> (54)

Given any relay amplification matrix D that satisfies the power constraint on the parallel AF relay
multiple access channel MAC(F[”, P,,F2 P, G,D, Pp), there exists a dual parallel AF relay broadcast
channel BC(G, Py, FII, F2I kD, P, + P,) such that any rate pair (R;, R) that can be achieved on
MAC(FU, P, F2 P, G, D, P) can also be achieved on BC(G, Pg, FI!I, F2I x{D}, P). x is chosen
to satisfy the relay sum power constraint on BC(G, Pr,F FR xD, P, + Pg).

Theorem 8§:
cBC (G,PR,F[H,FM,D,P> = Up, Py>0,P+ Py=P CMAC(F[I],PI,FM’PQ’ G, kD, Pg) (55)

Given any relay amplification matrix D that satisfies the power constraint on the parallel AF relay
broadcast channel BC(G, Pg,FI!,FI2. D, P) and given a rate pair (R;, Ry) that is achievable on
this parallel AF relay broadcast channel, there exist P, P> > 0 such that P, + P, = P and a dual
multiple access channel MAC(F[l],Pl,Fm,Pg, G, kD, Pr) such that the rate pair Ry, Ry is achiev-
able on MAC(F[”,Pl,Fm, P,,G,kD, Pg). k is chosen to satisfy the relay sum power constraint on
MAC(F!!, P, F2, P, G,D, Pg).
The proof of Theorems 7 and 8 is presented in Appendix V.

Note that the duality relationship is a strong duality in the sense that the parallel AF relay MAC and
BC are duals not only for the optimal relay amplification matrix D but also for any feasible D. This is
an equally strong result as for the point to point case. Moreover, as in the point to point case, note that

the powers of the relays and the transmitter are switched in the dual channel.

B. Rate Region of the Parallel AF Relay BC

The duality relationship described in the previous section provides a method to compute the rate region
of the parallel AF broadcast channel. As shown in Fig. 4 the BC rate region may be found simply as
the union of the MAC rate regions.

C. AF Relay MAC-BC Duality with Multiple Antenna Relays and Multiple Hops

The AF relay MAC-BC duality shown in section VI-A is not limited to single antenna relays or two hop
networks with parallel relays. The same duality relationship holds when some of the relays have multiple
antennas. It holds when signals and channel coefficients are complex. The duality also holds when more

than 2 hops are considered. Thus, the MAC-BC duality holds for AF relay networks whether they are
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Fig. 4. AF relay BC rate region as the union of AF relay MAC rate regions

purely parallel (two hop), purely serial (multiple hops with a single relay at each hop), or several parallel
AF relay clusters connected in series to form a multihop relay network. It holds whether the relays are
distributed with a single antenna at each relay or they are able to cooperate as as a multiple antenna node.
The dual network in general is defined as the network where the MAC source nodes become the BC
destination nodes and the MAC destination node becomes the BC source node. The power constraints are
changed so that the channel on each hop is subject to the same transmit power as in the dual network.
In this section we prove the duality relationship in the general case with complex signals and channel
coefficients, multiple hops and multiple antennas at the relays. However we still assume that the source
and destination nodes are single antenna nodes.

Consider a ) + 1 hop AF relay MAC as shown in Fig. 5. The hops are indexed by the variable
q that takes values 1,2,---,@ + 1. All channels and signals are complex. The AF relays can have
multiple antennas. The number of relays at each hop may be different and the relays at each hop may
have a different number of antennas. The total number of transmitting relays at the ¢** hop is Tg—1

and the total number of receiving relays is ry,. The number of antennas at the i'" transmitting relay



8 H[Q]
P> 0

N _
First Hop (g +1)*" Hop
Fig. 5. (Q + 1)-hop MAC with distributed multiple antenna AF relays

N bt b ot
ot D; D!t ?

SP=Pf  YP =P,
(Q+1—¢q)" Hop irst Hop

Fig. 6. Dual (Q + 1)-hop BC with distributed multiple antenna AF relays

on the ¢*" hop is a(i,q — 1). The total number of transmitting antennas at the ¢*” hop is defined as
R, 1 =a(l,g—1)4+a(2,g—1)+---a(rq—1,q—1). Multiple antenna AF relays can forward any linear
transformation of their inputs. In other words, the amplification factor for the i*" transmitting relay on the
q"" hop is an a(i,¢—1) x a(i, g—1) matrix that we denote as D" (i, ¢—1). The overall amplification factor
of the transmitting relays in the ¢** hop of the relay network can be represented then as a block diagonal
matrix Di* ; = BlockDiag [D™(1,q —1),D™(2,q — 1),--- ,D™(ry-1,q — 1)] with overall dimensions
R,_1 x Ry_1. The superscript m indicates the MAC. The channel matrices are numbered according to
the hops in the MAC. Thus, H,_; represents the R, x R,_; matrix for the channel experienced by
the signal on the ¢'" hop. Notice that this channel has a total of R, receive antennas and a total of
R, transmit antennas. We consider only single antenna source and destination. Therefore, we define
Ry = 2 (two single antenna sources) and Rg41 = 1 (one single antenna destination). The channel in
the first MAC hop, Hy is an Ry X 2 matrix with the two columns HEI], H([)ﬂ representing the channels
from the two sources to the first hop relays. The channel in the last MAC hop Hg is a 1 x Rg matrix
representing the channel vector from the last hop relay transmitters to the single antenna destination. The
total transmit power associated with the ¢** hop is PqR; 1- The two sources have transmit powers P; and

Py with P + P = P = P(fz as the first hop transmit power. For the ¢'* hop the receiving relay stage
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has zero mean identity covariance AWGN denoted by Nj,.

For the dual BC the ¢*" hop experiences the channel HTQ H1—g’ is associated with total transmit power
Pg ‘t1_¢> has the relay amplification matrix Dg +1—¢ and has zero mean unit covariance AWGN at the
receivers as well.

1) MAC([Hq]OQ , [D;"]? , [PLIR]f2 P, P2> : We refer to the MAC described above and shown in Fig.

5 as MAC([Hq]g2 , [DZ”]?, [P(]R]? , Py, Pg). We further characterize this MAC as follows.
The output signal for the MAC is:
y = HeDF (- (HDy (DY (Hl2y + Hlw, + Ny ) + N2 ) + N3 ) -+ + Ng) + 1.
With noise power normalized to unity, the MAC output signal can be expressed as:
1 1

= m. .. mpglll
v = mHeDg - HiDVHy'm + —

HoDZ - H\DJ'H s + 1 (56)
where

A™ =1+ ||[HoDJ|]” + |[HoDFHo_1DG_,||* + -+ + [|[HoDGH DG, - - HiDP|[*  (57)

and the power constraints are:

Pl = Elzi?+Elz>=P +P, =P (58)
= | pral|rp + |[DraP| 2R, + D2
pf = ||DyH,DyH 2P, +||DPH,DPHE|?P, + ||DFH,DY||? + ||DF|
pF - |Dr"H, ,-- DyH,DPH)|2P +||DI'H, ; ---DyH,DH||P
g — g g1 2 thitdy Ho |l 1 7 [[Pg g1 o iy Hy j| 2
q—1
+Y_|IDyH, DY ---HDT|? + D)%, ge{1,2,--,Q}) (59
j=1

0 1 0 1
2) BC( [Hg] o’ [D’ﬂ o [ L Pl = P) : The dual BC as shown in Fig. 6 is denoted as BC ( [HH o [D’,}T] o [
The BC is further characterized as follows.

The output signals for the BC are:

y = B (HDY (- (B DY (B 2+ Ng) +Ng 1) -+ Na) + Ny ) 4+,
v = B (ADY (- (B, DY (B 2+ Ng) +Ng1) -+ +N) + N1 ) + 1o,
With noise power normalized to unity we have:
g = —_mlipttaip. -Hf, \DUH], «+ny, (60)
\/Zﬁ
p — ——HZDIHIDY ... H], DUH], « + ns, 61)

A
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where

1 b 1 b b 1 b b b
A = 1+ B2 + DY DY 12 + -+ Ey TR EDY B DY (62)
2 b 2 b b 2 b b b
Ab = 1+ HETDY R + [HETDE D P + -+ IHFTDHIDS - 1, DY (63)
and the relay power constraints for the dual BC are:
Pg“ = E|ac|2
b b
PY, = |DgHL|PPS + |IDYI?
b b b b b
PS, = |DY H, \DJH)|’PS +||D¢ H, DI +|IDg_ |
R b b b b 2 2
Pl = |Dg HEE, - *H*||PQ+Z||DQLHLHD$Q -HE, DI + (DG
Jj=q

for g € {0,1,--- ,Q — 1}.

The following theorem states the duality result for the multiple hop AF relay MAC and BC with
multiple antenna relays and single antenna source and destination nodes:

Theorem 9: For the (Q+1)-hop distributed multiple antenna AF relay MAC and BC described above
and depicted in Fig. 5 and Fig. 6, given any set of BC relay amplification factors Dg that satisfy the BC

relay power constraints if we choose the MAC relay amplification factors as
D} = kD, (64)
where k, are determined by the MAC relay power constraints, then

e (i [op)? . (P pr) < e ([m] [oy],

0 [PR] PO —P1+P2>

Q
and

cBe ([HS];,[DZT}Q (PR, P _P>

=Up, p>0.p+pep CMAC ([Hq](?a [DZL]?, [P(]R]? ,P17P2> . (65)
The proof is presented in Appendix VI.

VII. CONCLUSION

We explored the capacity and duality aspects of multihop point to multipoint (BC) and multipoint
to point (MAC) AF relay networks. The MAC-BC duality known for conventional one hop Gaussian
channel was found to be applicable to multiple hop communication over AF relay networks where some
of the relays may have multiple antennas. An interesting aspect of the AF relay MAC-BC duality is
that the powers of the transmitter and the relays are shifted in the dual network. With distributed single

antenna relay nodes we determined the optimal relay scaling factors for the entire rate region of the two



hop relay multiple access channel. Closed form expressions were found for the sum rate and individuﬁ
maximum rates while simultaneous equations were found that can be solved to determine any rate pair
on the boundary of the relay MAC. The rate region of the AF relay BC was evaluated using duality as
the union of the AF relay MAC rate regions over different power splits between user 1 and user 2 while
keeping the total power constant and equal to the total relay transmit power on the BC.

We conclude with a word about the generality of the results. While the duality can be extended to
multiple users as well, we have focused on the two user case to avoid the cumbersome notational aspects
of considering multiple users in addition to multiple relays multiple hops and multiple antennas. The
capacity characterization of the relay MAC for the complex case will also require phase optimizations
of the relay scaling factors. Finally, we conjecture the duality results will hold for AF relay MIMO
MAC-BC as well. However we do not expect the MIMO results to be trivial extensions of the results in
this paper. The MIMO relay MAC-BC duality is especially challenging as the structure of the transmitted

signal covariance matrix on the dual MAC and BC will be different.

APPENDIX I
PROOF OF THEOREM 3

Consider the normalized MAC characterization

/SNR; /SNRy ,
2 1+ 7, To + N, (66)

where v/SNR; = /P, aczl L d(’;Zf "2 and v/SNRy = /P %Zl g’”dng L have been defined as such to allow

compact notation.

Characterizing the rate region of a two user MAC is equivalent to an optimization problem where a
weighted sum of rates is maximized, i.e. max ui R; + usRo. Without loss of generality let us assume
w1 > po. For every choice of the relay amplification matrix D we obtain a scalar Gaussian MAC for

which the capacity region is a pentagon and this rate pair is maximized for the corner point:

Ry = log(1+SNR;), Ry = log (1 + %) 67)
Thus, we need to solve the following optimization problem:
dhn}g,)éR 1Ry + paRy = m]%x(,ul — p2) log(1 + SNRy) + polog(1 + SNR; + SNR») (68)
= max w log(1 4+ SNRy) + o log(1 + SNRy + SNRy), (69)
where p2 and p) = 1 — po are both positive. Thus, we need to maximize
max (1 + SNR;)1(1 4+ SNR; + SNRy)#2, (70)

subject to the power constraints (27)-(29).
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We start with the Lagrangian formulation

B K2
DN = [1+ P, dkgkf].[gl})Z L+ PR, dkgkf,il])Q + P2(ZE 1 dekf]EZ])Q
’ 1+ Y0, d2g? L+ 35 dia

(71)

R
— A [Z @ (1+ P+ P = Prl .
k=1

Setting the derivative aLé];’)‘) to zero yields the KKT characterization of optimal d;:

2P (37, dkgkf].[;ﬂ)ngm +2P(3 8, dkgkf].[f})gifim
1+, di.g;

(14 SNRY)#M~1(1 4+ SNR} + SNRj)#2

pi2(1 + SNRF)M (1 + SNRY + SNRj)#>~!

PSR digi £y + PSR digi)?
(1+ 5, dig?)?
2P (8 digi /i) gif ! P(EE 1dk9kf1~[eﬂ)2
1+ 0, dig? (L+ Y00, dig})?

Absorbing the constants into A we have

2¢7d;

g?di] — \2d; (1 +P My p, f}m) . (72)

R R
PUY" degr i) g+ P dugif ) gif P — (SNRY + SNR)g2d;
k=1 k=1

p2(1 + SNRT)

=d; (1+ P+ Pofl).

R
+144 (1 + SNRY + SNR3) | P (Y digrfi)gif!" — SNRig2d;

k=1
R . R ) R
= (1 +SNRY) [P digi fi)? + Po(> drgefi)? — (SNRY + SNRE) S gzdz]
k=1 k=1 k=1
R R
+ 4 (1+ SNRY + SNRS) | Py (Y digifi)? — SNRY S g2d2 | = AP (73)
k=1 k=1
= (1 4+ SNR%)(SNR} + SNR%) + 44 (1 + SNRY 4 SNR%)SNR} = APy. (74)
p2(1 + SNRY)(SNRT + SNR3) + 14} (1 + SNR} + SNR3)SNRT

b (14 P+ P )

+ua(l + SNR*)(SNR* + SNR%)gZ + pf (1 + SNR* + SNR3)SNR? g7 ]

= j1z(1 + SNRY) Pl(Z dig £y g £+ PQ(Z digr [ )9t

k=1 k=1
R
+ 44 (1 + SNRY + SNR$) PL(Y " digre /) gi 1. (75)
k=1
p2(1 4+ SNRY) (SNRT + SNR3) + 1/ (1 + SNR} + SNR3)(SNRY) 12 912
= dz|: PRI (1+P1fi[] +P2fiH +PRgi2)

R R
P> dkge i Dai £+ P> i ) 9P| +

k=1 k=1

= p2(1 + SNRY)
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1y (1+ SNRY + SNRS) P (Y digief i) gif .

k=1
dm(l + SNR7)(SNR7 + SNR3) + /(1 + SNRT + SNR3)(SNRY) _
(3 PR
& 1] gif,!
[:U'll(l + SNR,I( + SNR;) + :U'Q(l + SNR,I()]PI (Z dkgkfk ) [1]2 - [2]2 9
k=1 L+ P f; " + Pof,”" + Pry;

R (2]
9if;
+uz(1+ SNRY P digr f2) : :
1 ; g P 4 PP 4 Prg?

—1
-~ D=G (clplF[“ + CQPQFW) (I + P FI2 4 pFl2 4 PRG2> where 1, ¢ > 0,

-~ D= L pF 2 pyFl ) (I + pF12 4 pFi2 PRG2) -

2 +c2G
b Vet + el \/ ci+c3
. _ 2 2 _ . . . .
Defining v = /¢{ + ¢5 and tan 6 = ¢; /cz, the optimal D for maximizing p; R +p2 Ry can be expressed
in the form:

—1
D =G (PlF[I] sin + P,F cos 9) (I + P F2 4 pFlR2 4 PRG2> . (80)

Note that the constant v can be evaluated from the power constraint as in Theorem 3. |

APPENDIX II
PROOF OF THEOREM 4

We are interested in the case g = 1, uo = 0. Substituting these values into the optimal D characteri-

zation of (77) we have

SNRf < gifl"
a2t = P degr ) Tt (81)
R 1 1+ Plfi + P2fi + PRgi
which corresponds to # = 7/2 and leads to
DR
SNR} = P, Pg Ji Js : (82)
1+ PP P fP 4 Prg?
which gives C1° = log(1 4+ SNRY). In order to find C3°, we need SNR%. From the definition,
R (2]
SNRS _ Po(3 e drgify )’ (83)

SNR¥ P dkgkfﬂ})Q .

(76)

(77

(78)

(79)
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From (81) we have

J 2 [l 12
(Zk 1 kgkfk])SNR* PIPRZ ngz fl[2}2 (84)
(Zkzl dkgkfk ) =1 1+Pf +P2fi +PR9i2
R [2]y2
*d P
SR = (k= kT )" g, P2 (85)
(T degrfy? D
2 £[1] 2] 2
EZR;I 14+ P, [1]; lf) i[2]2 Psqg?
= SNRj = 1>2PR< P ) . (86)

L TR T Py P

Substituting into (67) we have the expression for C1°. [ |

APPENDIX IIT
PROOF OF THEOREM 5

For sum rate we have 1 = po = 1, i.e. pf = 0,u2 = 1. Substituting these values into (77) and
defining SNR* = SNR7} + SNR3, we have

SNR* D1 (Zle gjdjfj[l]> g fi + Py (Zﬁl gidifi[2]> g f)

k (87)
Pr 1+ P f,£”2 + P2 + Prg?
& SNR* &
= Z gjdjf}l} Pn =P An Zgyd f + P A (Z gidifi[2}> (83)
=1 j=1 i=1
SNR* & )
and (Z gidif} ) — PiAu Zgyd £ + Py (Z gid; f! }> (89)
i=1
SNR* SR gidif!
= = Pi A + P2 Ay ( : : ) (90)
Pg R (1]
(Ej:1 9545 f; )
R (1]
R* > j=19545f;
and SII\i— = PiAqs ( ]R L f2}> + PyAgs. (C2Y)
R <Zi:1 gidifi )
195 ]f ) . . .
Eliminating the factor ((97}0[2]) from the last two equations leads to the quadratic equation:
SNR* SNR*
( » ) — (P1A1 + P2 Agy) + PPy (A1 Az — A7) =0 92)
SNR* PiAp + PAgp £ \/(PIAII + PyAgs)® — AP Py (A1 Agy — AD) ©3)

Pr 2
The smaller root of the quadratic equation represents the minimum value of the objective function, while
the larger root is the desired maximum value, which gives us the sum rate expression of Theorem 5.
(L, digi 1)

m and its value is computed from (90).

From definition, tan @ =
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Finally, we obtain the sum-rate optimal rate pairs by finding out SNR} and SNR} as follows.

2 2
A (SRgdr) + (SR edis?)
SNR* = 73 , 94)
L+ 2 02 dig;

17\ 2 21\ 2
X Py (Zle 9id; 1} ]) . B (Zﬁl gid; f) ]>
SNRY = T e SNR} = — 7 oy (95)
+2 5 di g +2 2 dig
SNR*
Define 3 = SNR,{ so SNRY = SSNR*,SNR% = (1 — 3)SNR* (96)
R M\ 2 (Zr, gsds 1)
S5 = P (S ) . PECal
N R 172 R M2 SR gid; fY YR, gdi fBN)”
RS ) (o) nEE p Cra ]

(Zrigidif)

(=r, 0. from (90) we have the definition of 3 as stated in Theorem 5.1

Substituting the value of

APPENDIX IV
PROOF OF THEOREM 6

Continuing from (77),
" p2(1 + SNRT)(SNR7T + SNR3) + 44} (1 + SNRT + SNR3)(SNRY)
1

Pr
& gif!!
[:ull(l + SNR‘{ + SNRg) + M?(l + SNR‘{)]PI (Z dkgkf].[;ﬂ) [1]2 — [2]2 5
k=1 1+P1fi +P2fi "‘PRQZ'
i 2] gif?
+u2(1 +SNRY) P2 () digefy) L (98)
k=1 g 1+ Plfi[l]2 + PZfi[Qp + PRQZZ

Multiplying both sides of the equation with g; f 1 and summing up all the equations for i =1 to : = R,

)

we have:
p2(1 + SNRT)(SNRT + SNR3) + 4 (1 + SNR} + SNR3)(SNRY) =
p12(1 + SNRY)(PrPi Ay + PrPyAja/) + ph (1 + SNRY + SNR3) PrPi Ay, (99)

] *
where a = % = gggﬁi Similarly,

pa(1 + SNRY) (SNR} + SNR3) + 1} (1 + SNR} + SNR3)(SNR}) =
/1,2(1 + SNRT)(PRplAmOz + PRPQAQQ) + /1,,1(1 + SNRT + SNR;)PRplAmOé. (100)

Simple algebraic manipulation of these two simultaneous equations gives us the result of Theorem 6. l
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APPENDIX V

PROOF OF THEOREMS 7 AND 8

Starting with the normalized BC as in (39), without loss of generality we assume
Tr (FIDG) 2P . [Tr (FEDG) 2P
Tr [D? (I + PFI12 + PrG?)] ~ Tr [D? (I + PFRI2 + PrG?)]
Thus, user 1 is the stronger user in this degraded AWGN broadcast channel.
We wish to show that any rate pair (R, Ry) achievable in MAC(F!!, P, F[?|, P,, G, D, Pg) is also
achievable in BC(G, Pg,FI/, F2l kD, P, + P,). We establish this by showing that both sum rate

optimal corner points (corresponding to different decoding orders) of the MAC rate region pentagon

(101)

are contained in the broadcast rate region.
Consider first the sum rate optimal corner point (R}4¢(1 — 2), RY4AC(1 — 2)) on the boundary
of the rate region for AF relay MAC(FU!, P, FI?l P,, G, D, Pg) that corresponds to the successive

decoding of user 1 followed by user 2.

P, Pg[Tr (GDFM))?
MAC Sl
1-+2) = log|1 (2
= Og( T T D2 (T 1 PFIE 1 PyFEE 1 PpG?)] + PyPa[Tr (GDFE)E )
P, Py[Tr (GDF2))]2
PYACH L) — e [ 1 ' 103
e Og( T T [D2 (1 + PFI? + PFPR + PpGE)] Y

We show that this rate pair (R}/4¢ (1 — 2), RYAC(1 — 2)) is achievable in BC(G, Pg, FI, F2 kD, P + P,).
From the capacity of the scalar AWGN BC, we know every rate pair on the boundary of the capacity
region of BC(G, Pr, FU FE kD, P, + Pg) can be written as:

(104)

aPpP[Tr (FUDG))?
D? (I + PFI'2 + PrG?)] )’

log | 1 (1 -~ @) PrP[Tr (F2DG)]? 105
s\t aPRP[Tr (FPIDG)|? + Tr [D? (I + PFR2 + PrG?)] | (105)

RBC2-51) = log <1+
Tr[

RPC2-51) =

The notation (2 — 1) above is due to the interpretation that this rate pair can be achieved by dirty paper
coding of user 2 followed by user 1. Now, setting RMAC (1 — 2) = RPY(2 — 1) we obtain the value
of o

P, Tr [D? (I + PFI2 + PRG?)]

“ = Py [D2 (I 4 P FI12  PF22 + PRG2)] + PP, Pg[Tr (F2IDG)? (106)

It is easily verified that 0 < o < 1 so it is a feasible power split for the broadcast channel.
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Similarly, setting RY4¢(1 — 2) = RPC(2 — 1) we again solve for a to obtain:

aPrPP[Tr (FEIDG)]? + P,Tr [D? (I + PFI22 + PpG?)]

(L=a)= PTe[D? (I + P2 + BERE 1 PpGP)]

(107)

- « <PPRP2 [Tr (F[Z}DGHQ + PTr [DQ (I + P2 L ppl22 PRG2>D

— PTr [D2 (I + P FY2 4 pp2 PRGZ)} — P,y [D2 (I + PFR2 4 PRGZ)} (108)
Py Tr [D? (I + PFI2 + PRrG?)]

“ 7 PT[D?(I + PFIE + BFPR | PrG?)] + PP,Py[Tt (FEDG)? (1

Thus, the same value of « satisfies both RMAC(1 — 2) = RBY(2 — 1) and RYAC(1 — 2) =
RQBC(Q — 1). Therefore, with this value of «, BC(G,PR, Fl FE kD, P, + Pg) can achieve the rate
pair (RMAC(1 — 2), RMAC(1 — 2)).

We have shown the sum rate optimal corner point of the AF relay MAC rate region corresponding to

the successive decoding order 1 — 2 lies on the boundary of the AF relay BC. In order to show that
the entire AF relay MAC rate region lies within the dual AF relay BC rate region we need to show
that the other sum rate optimal corner point of the AF relay MAC rate region pentagon (corresponding
to successive decoding order 2 — 1) is also contained within the rate region of the AF relay BC. The
proof is obtained exactly as above by switching indices 1 and 2 in equations (102)-(109). For the MAC,
switching indices 1 and 2 gives us the sum rate optimal corner point RM4¢(2 — 1), RYAY(2 — 1) that
corresponds to successive decoding of user 2 followed by user 1. For the BC, switching indices 1 and
2 gives us the rate pair RPC(1 — 2), RPC(1 — 2) that is achieved with dirty paper encoding of user
1 followed by user 2. The equality of RMA (2 — 1), R}A¢(2 — 1) and RPC(1 — 2),REC(1 — 2)
respectively is established by equations (102)-(109) with the indices 1 and 2 switched throughout. Note
that with user 1 as the stronger user, only RP¢(2 — 1), RF€(2 — 1) lies on the boundary of the
BC capacity region while RPC(1 — 2), RB(1 — 2) is contained inside the BC capacity region. Thus
we have shown that the entire rate region of the AF relay MAC(F!, P, F2l, P, G, D, Pg) is also
achievable in AF relay BC(G, Pg, FIY,FI2l kD, P| + P,). This establishes Theorem 7.

Theorem 8 is also directly established from the above result. This is because we have shown not
only that the dual BC achieves the rate pairs on the boundary of the MAC, but also that the rate pair
RMAC(1 — 2), RMAC(1 — 2) is on the boundary of the rate region of the dual BC. In other words, we
have shown above, that any choice of P;, P> on MAC(F[I], P, F2 P, G, D, Ppg) achieves a point on
the boundary of the rate region of BC(G, Pr, FU F2 kD, P + Pg). Moreover Py, P, are related to
« by a continuous function. Now, as we take P; from 0 to P while keeping P, + P, = P, we trace the
entire boundary of the capacity region of BC(G, Pg, FI), FI2I_ kD, P + P,). This implies the result of
Theorem 8. |
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APPENDIX VI

PROOF OF THEOREM 9

We begin with the following useful observation.

Property 1: There is no loss of generality in the statement of Theorem 9 if all relay transmit powers

are assumed equal to 1, ie. Pf =Pff =... = Pf =1and P’ = P+ P, = 1.
HY,/PE H. ./PE m
! 3 DT Dy ! 4 q+1

L —>0
o—
P, ¥ - Xh=1
bR e
t
N (¢ +1)™ Hop
First Hop

Fig. 7. (Q + 1)-hop MAC with normalized source and relay transmit powers

q

H[l]T /PR
0, V10 D! Dt H,/Pf

o<+
2
HT /PR

%
(Q +1)" Hop

P =1 P =1
[éirst Hop

(—
(Q+1—q)" Hop

Fig. 8. Dual (Q + 1)-hop BC with normalized source and relay transmit powers

Property 1 is evident from Fig. 7 and Fig. 8. The power constraints can be absorbed into the channels
by scaling the channel coefficients. The key to this property is that the scaled channels are still identical
in the dual AF relay MAC and BC, i.e. the scaling factors are the same in the two directions. This is
because the relay power constraints in the BC are shifted so that each channel experiences the same
transmit power as in the dual MAC.

In light of this property, we will henceforth assume, without loss of generality that PIR = PZR ==
Pé?“ =1 and P = P, + P, = 1. Consider arbitrary but given feasible scaling matrices on the broadcast
channel indicated as Dll’, e ,Dg. Feasibility means that the BC relay power constraints are satisfied.
Scaling matrices on the MAC are defined according to the statement of Theorem 9 as D" = anZT.

The constants x4 are real, non-negative and uniquely determined by the MAC relay power constraints.
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Proceeding as in the proof of Theorem 7, let us assume, again without loss of generality that user 1 is

the stronger user on the resulting BC,, i.e.,

1 b b b 2]ty b b
1y DY HD - Hy,  DGHG|? (D HIDS - Hy  DJH|P 1o0)
AY B A '
Following the proof of Theorem 7 we need to show that the following rate pair
Py||[HyD? - - H,D7HL |2

R{\/[AC’ — log |1+ 1|[Hg Q 171 Ho ||[2] ’ (111

A™ 4+ Py|[HoDg - - HiD'H |2

P,||HoDY - HyDI'HY) ||

RMAC _ og (1 + Q N , (112)

is achievable in the dual BC and that it lies on the boundary of the dual BC capacity region for the given
relay amplification matrices.

Rate pairs on the boundary of the degraded dual BC with user 1 stronger than user 2 are given by:

«
RBC = log (1 + EHHE”DTH}DQT . HTQIDSHTQHQ) : (113)
1
20t b b b
se (1 - o)|H7" D' HIDY - ], DY HL|!?
Ry” = log| 1+ PN ——" b ot 2 (114)
Az +aof[Hg" DY H D, ---Hyy  DoH|
Setting RMAC = RBC and solving for a we obtain the value,
Abp (T, x2)
“ 2]
A + Py|[HoD? - H, DT H|?
- Q [Q]TA’{? D 1. DUHLR (113
Am/(quﬁg) + P|[Hg "D H{D, -+ - Hyy Do Hp 2
Setting RYAC = RBC and solving for o we obtain the value,
) Am — AP, (T 42)
2 p—
Am + By|[HY DY HIDY - B, DY H)|?
am/ (M k2) - ALP, e

2]t~ b b b )
am/ (ngs2) + Rl L DYDY - B, DY R

To complete the proof we need to show that the same value of « satisfies both RMAC = RBC and
RY A0 — RZBC. This would imply both that the MAC rate pair is achievable in the dual BC and also
imply that it is on the boundary of the dual BC capacity region. In other words it remains to be shown

that:

A™/ <H§:152> — PLAL 1 PAL, (117)
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This is the most challenging part of the proof of the duality relationship. The remainder of this section
is devoted to establishing (117). Part of the challenge is the unwieldy nature of the expressions involved.

To allow compact expressions, we introduce the following shorthand notation:
= A
IABC]|” = [[ABC|” + [|A[[*]|C|”. (118)

Thus, the B notation gives rise to two terms, one with B present and one with B absent so that the
chain is broken into product of the norms of the LHS and the RHS of B.

Note that the notation follows an associative property, i.e.,

|IABCDE|> = ||AB (CDE) |? (119)
= ||ABCDE|* + ||A|*||CDE||” (120)
= ||ABCDE|]” + [[ABC|]*||E|]* + || A[]*||CDE|* +||A[[*||C[]*||E|* (121)
= ||ABCDE|* + ||ABC|]*| E|? (122)
= ||(ABC)DE|*. (123)

Thus, the two B and D terms give rise to four terms overall, as each of B and D can be present or
absent.

Also note that [|AB||? = ||ABI||? = ||AB||? + ||A|]?||T||>. If B is a column vector then I is just
a 1 x 1 identity matrix with ||I||*> = 1. Using this notation we recursively manipulate the relay power
constraints on the MAC into a suitable form.

For the sources,

1 = P+ P (124)
~—
g
For the first set of relays,
1 = IDrEPP + [DTHG 2P, + ||ID7

= |DPHY|P; + |[DTHG P, + DT 2B
= lIDE”Ho 2P+ |DPHEG P . (125)

~"
m
EY

For the second set of relays,
I = |[DYH,DPHY|[*P +|[DFH,DTH |’ P, + ||DFH DY + ||IDF| 1
= |[DFH,DTH|?P, + ||DFH,DYHG P, + || DY H DT B + ||DR | By
= UDQ"HIDTHO || P, + ||D§“H1D{””H0 || ng. (126)

~~
m
E3

For the third set of relays,
1 = ||DmH2DmH1DmH || P+ ||DmH2DmH1DmH || Py
+|[DFH,DI'H, DY + || D'Ho DR[| + [|DF|?
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= ||DIH,DIH,D™H|2P, + ||DPH,DPH,DH 2P,

+|[DYH,DY'H DY E7° + || DY H.DE || B + || DE||” B3

= |[DELDYH,DPHE,|’P + || Dy HLDYH, DI, P, (127)
By
— — o ml — S —
1 = |[DI'H,---DPH,DPH, (2P +|D"H,_: --- DYH,DPH,|2P; . (128)
By
— S — — S
I = |DyHg - DPH,DIH,) (2P, + ||D5Hq_: - Dy H,DIH, [P, . (129)
Eg

Notice that at the ¢** relay stage, by appropriately substituting the power constraint expressions from all

preceding relay stages, a homogeneous expression is obtained where every term contains D", - -, Dg".
For the ¢'" relay stage, the expression E}" contains 27 4 27 terms as every H; for i € {0,1,--- ,¢ — 1}
gives rise to two terms, one with H; present and one with H; absent.

Next we substitute from the power constraints into the expression for A™ with the goal of obtaining

a homogeneous expression where every term contains all the relay amplification matrices D", - -, D¢j.
A™ = 14|HDRI? +-- + [HeDFHg (D}, --- HoDP| + |[HgDGHo D, - - H, DY
Q
= Eg+)Y |HeDg - HDP|*E]"
=1

— — — —1 — — — —[2
- ||HQD’5HQ_1D’5_1---HleH[O]H?PI+||HQDmHQ D 1---HID’nH[O]H?Pz
— ||HgDBHo_ DY, - H,D"HY||2P, — |[HgDSHg (DY, - H,D"HY||2P,.(130)

Next, we manipulate the BC power constraints into the desired form. For the first hop relays on the
dual BC,

b b
1 = |[IDGHL|? +|[DJ|?
DY, (131)
N———

g
For the second hop relays,

b b b b b
1 = |py_H),_ DYHL|?+||DJ_ H],_ DJ|*+IDJ_,|I*
bt b b b
= |IDy_ Hg1 Dy HL|? + Dy _ H)_ DI + ||D_, [P E)
= |DY_H|,_DYHL|?. (132)
Eb

—1

For the third hop relays,
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1 = |IDg_,H} ,Dy_ HZN DG H}|I” + ||Dg_,H},_,DJ_ H},_, DI’
b
+|[DY_,H,_,DU_ 1> +[[DY_,|1”

b b b b b b
= ||IDg_,H}_,Dy_ H),_ DJH,| +|[D_,H},_,Dg_ H},_ D
b b b b
+ /DG _sHh_,D_ [Pl + IDg_o|* By
= |pY_H, ,DY H| ,DYH, . (133)
E”v2
Al byt
I = ||D{H, - DJH|* (134)
P
1 = ||p!H! - DYH] all- (135)
B!

The homogeneous form of the power constraints is now used to convert A’{, Ag into homogeneous forms

as well.
A = 14 B+ ETDEIDY 2 + -+ e DY EDLY '], DY (36
1 b 1 b b 1 b b b
= B +|[Hy "DY|2E} + |Hy "D H{DY B} + - + || Hy "D HIDY - H], D1
RO o =t bier 1t~ b b b

= ||Hy, 'D{'HIDY - H},_,DIHe| - |H) "D} H{D. .. H],_ DIH,|%. (137)

Similarly,
IRt o ot bier 2]t~ b b b
Ay = |[H, D'HDY - Hy_ D Hll” - |Hy "D HIDY - H),_ DI Ho|.  (138)

It is now easily verified that A/ ( Q:1n§> = PyAY + P,AL. Thus, the same value of « satisfies both

RM AC — = RPC and RY AC — = RJC and the chosen boundary point of the MAC is also shown to be a

boundary point of the dual BC. By the same arguments as the proof of Theorem 7, the duality relationship
is established. |

REFERENCES

[1] H. Viswanathan and S. Mukherjee, “Throughput-range tradeoff of wireless mesh backhaul networks,” IEEE Journal on
Selected Areas in Communications, vol. 24, pp. 593-602, March 2006.

[2] H. Viswanathan and S. Mukherejee, ‘“Performance of cellular networks with relays and centralized scheduling,” IEEE
Trans. Wireless Commun., vol. 4, pp. 2318-2328, Sept. 2005.

[3] T. Tang, C. Chae, R. Heath Jr., and S. Cho, “On achievable sum rates of a multiuser MIMO relay channel,” in Proceedings
of IEEE Int. Symp. Inform. Theory, 2006.

[4] B. Schein, “Distributed coordination in network information theory,” Ph.D. Thesis at MIT Cambridge, pp. 64—68, August
2001.



(3]

(6]

(7]

(8]

(9]

(10]

(11]

(12]
[13]

(14]

[15]
(16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

34
J. N. Laneman and G. W. Wornell, “Exploiting Distributed Spatial Diversity in Wireless Networks ,” in in Proc. Allerton

Conf. Commun., Contr., Computing, Illinois, Oct 2000.

D. Chen and J. N. Laneman, “Modulation and demodulation for cooperative diversity in wireless systems,” To appear in
IEEE Trans. Wireless Commun., 2005.

J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in wireless networks: Efficient protocols a nd
outage behavior,” IEEE Trans. Inform. Theory, vol. 50, no. 12, pp. 3062-3080, 2004.

T. M. Cover and A. El Gamaal, “Capacity Theorems for the relay channel,” IEEE Transactions on Information Theory,
vol. 25, no. 5, pp. 572-584, Sep 1979.

G. Kramer, M. Gastpar and P. Gupta, “Cooperative Strategies and Capacity Theorems for Relay Channels,” IEEE
Transactions on Information Theory, vol. 51, pp. 3037-3063, Sep. 2005.

K. Gomadam and S. Jafar, “Optimizing soft information in relay networks,” in Proceedings of Asilomar Conf. on Signals,
Systems, & Comp., 2006.

M. Gastpar and M. Vetterli, “On the Capacity of Large Gaussian Relay Networks ,” IEEE Transactions on Information
Theory, vol. 51, no.3, pp. 765-779, March 2005.

M. Gastpar and M. Vetterli, “On the capacity of wireless networks: the relay case,” in Proc. 2002 INFOCOM.

S. Zahedi, M. Mohseni, A. El Gamal, “On the capacity of AWGN relay channels with linear relaying functions,” in Proc.
2004 IEEE Int. Symp. Info. Theory.

A.F. Dana, R. Gowaikar, B. Hassibi, M. Effros and M. Medard, “Should we break a wireless network into subnetworks?,”
in Allerton Conference on Communication, Control and Computing., 2003.

A. E. Gamal and N. Hassanpour, “Relay-without-delay,” in Proceedings of ISIT 2005, 2005.

S. Serbetli and A. Yener, “Optimal power allocation for relay assisted F/TDMA ad hoc networks,” in Proceedings of
International Conference on Wireless Networks, Communications and Mobile Computing, 2005, vol. 2, 2005.

M. Chen, S. Serbetli, and A. Yener, “Distributed power allocation for parallel relay networks,” in Proceedings of Globecom
2005, 2005.

K. Lee and A. Yener, “Iterative power allocation algorithms for amplify/estimate/compress-and-forward multi-band relay,”
in Proceedings of Conference on Information Sciences and Systems, 2006, 2006.

I. Maric and R. D. Yates, “Bandwidth and power allocation for cooperative strategies in Gaussian relay networks,” in
Conference Record of the Thirty-Eighth Asilomar Conference on Signals, Systems and Computers, 2004, vol. 2, 2004.

R. Nabar, H. Boelcskei, and F. Kneubuhler, “Fading relay channels: Performance limits and space-time signal design,”
IEEE Journal on Selected Areas in Communications, vol. 22, pp. 1099-1109, Aug 2004.

P. Larsson and H. Rong, “Large scale cooperative relaying network with optimal coherent combining under aggregrate
relay power constraints,” Future Telecommunications Conference, Beijing, China, December 2003.

M. O. Hasna and M.-S. Alouini, “Optimal power allocation for relayed transmissions over rayleigh-fading channels,” IEEE
Trans. Inform. Theory, vol. 3, pp. 1999-2004, Nov. 2004.

P. Gupta and P. R. Kumar, “The capacity of wireless networks,” IEEE Transactions on Information Theory, vol. 46,
pp- 388-404, August 2000.

N. Khajehnouri and A. H. Sayed, “A distributed MMSE relay strategy for wireless sensor networks,” in Proc. IEEE
Workshop on Signal Processing Advances in Wireless Co mmunications, NY, Jun 2005.

Y. Liang and V. Veeravalli, “Cooperative relay broadcast channels,” in To appear, 2005. Preprint available at
http://www.princeton.edu/ yingbinl/publication.html.

S. Berger and A. Wittneben, “ Cooperative Distributed Multiuser MMSE Relaying in Wireless Ad Hoc Networks,” in
Asilomar Conference on Signals, Systems, and Computers, Pacific Grove, CA, Oct 2005.

I. Maric and R. Yates, “Cooperative multicast for maximum network lifetime,” IEEE J. Select. Areas Commun., vol. 23,
Jan 2005.

I. Maric and R. Yates, “Efficient multihop broadcast for wideband systems,” IEEE J. Select. Areas Commun., vol. 22, Aug
2004.



[29] A. Host-Madsen, “Capacity bounds for cooperative diversity,” IEEE Trans. Inform. Theory, vol. 52, pp. 1522-1544, Apsisl
2006.

[30] K. Azarian, H. El Gamal, and P. Schniter, “On the achievable diversity-multiplexing tradeoff in half-duplex cooperative
channels,” IEEE Transactions on Information Theory, vol. 51, pp. 4152-4172, Dec. 2005.

[31] A. Dana and B. Hassibi, “On the power efficiency of sensory and ad hoc wireless networks,” IEEE Trans. Inform. Theory,
vol. 52, pp. 2890-2914, July 2006.

Syed Ali Jafar (S’ 99- M’04) received the B. Tech. degree in Electrical Engineering from the Indian Institute of Technology
(IIT), Delhi, India in 1997, the M.S. degree in Electrical Engineering from California Institute of Technology (Caltech), Pasadena
USA in 1999, and the Ph.D. degree in Electrical Engineering from Stanford University, Stanford, CA USA in 2003. He was a
summer intern in the Wireless Communications Group of Lucent Bell Laboratories, Holmdel, NJ, in 2001. He was an engineer
in the Satellite Networks Division of Hughes Software Systems from 1997-1998 and a senior engineer at Qualcomm Inc., San
Diego, CA in 2003. He is currently an Assistant Professor in the Department of Electrical Engineering and Computer Science
at the University of California Irvine, Irvine, CA USA. His research interests include multiuser information theory and wireless
communications.

Dr. Jafar received the NSF CAREER award in 2006. He is the recipient of the 2006 UC Irvine Engineering Faculty of the
Year award for excellence in teaching. Dr. Jafar serves as the Editor for Wireless Communication Theory and CDMA for the

IEEE Transactions on Communications.

Krishna Srikanth Gomadam (S’ 05) received the B. Tech. degree in Electronics Engineering from Madras Institute of
Technology, Anna University, in 2004, and the M.S. degree in Electrical Engineering from the University of California Irvine
in 2007. He is currently working toward the Ph.D. degree at the same university. He was with the AU-KBC Research Center,
Chennai, India, during the summers of 2003 and 2004.

Mr. Gomadam is a recipient of the UC Irvine CPCC graduate fellowship for the years 2005 and 2006. He received the UC
Irvine EECS department’s best student paper award for 2007. His research interests include cooperative communications and

multi-user relay networks.

Chiachi Huang received the B.S. degree in Electrical Engineering from Yuan Ze University, Chungli, Taiwan in 1999 and the
M.S. degree in communications engineering from National Tsing Hua University, Hsingchu, Taiwan in 2001. He is currently
working toward the Ph.D. degree in Electrical Engineering at the University of California Irvine. His research interests include

wireless communications and mesh networks.



