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Abstract—We consider relay-assisted communication in a
training-based transmission scheme. Each transmission block
consists of a training phase and a data transmission phase. The
relay node employs the amplify-and-forward protocol during
all transmissions. We focus on the relay signaling design and
investigate the benefit of allowing for different relaying power
during the training phase and the data transmission phase.
Specifically, the relaying energy allocation between the two phases
is optimized for maximizing the average received signal-to-noise
ratio at the destination node. We study this optimization problem
for both single-antenna relay and multi-antenna relay and derive
a simple closed-form relaying energy allocation strategy that
achieves near-optimal performance. This closed-form strategy
depends only on the length of the data transmission phase but not
on other system parameters such as the relaying energy budget,
the number of antennas at the relay, and the distances between
the source, relay and destination nodes.

I. INTRODUCTION

Relay-assisted communication has attracted considerable
attention in the past few years. The use of relay increases both
the service area and the quality of service (QoS) [1,2], and
was proposed to be incorporated into the WiMAX standard,
IEEE 802.16m, as a cost-effective way to fulfill the require-
ments of the future generation of mobile communications [3].
Among various relaying strategies, the amplify-and-forward
(AF) protocol has been extensively studied due to the low-
complexity design at the relay [4].

One of the main assumptions in most existing studies on
relay-assisted communication is the availability of perfect
channel state information. This assumption does not hold in
reality due to the time-varying nature of the fading channel.
In order to obtain the channel state information (at least)
at the receiver side, training-based transmission schemes are
commonly used, which periodically insert pilot symbols into
data transmission blocks [5]. For communications assisted by
an AF relay, the dual-hop (source-relay-destination) channel
needs to be estimated by the destination node. To this end, the
linear minimum mean square error (LMMSE) estimator was
studied in both autoregressive channel models [6, 7] and block-
fading channel models [8,9] to estimate the non-Gaussian
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dual-hop channel gain.'

In training-based transmission, one important design param-
eter is the energy allocation between the training phase and
the data transmission phase. This design problem exists at both
the source and the relay. For AF relay-assisted communication
with single-antenna terminals, the authors in [11] focused
on the energy allocation problem at the source, while the
authors in [12] jointly optimized the transmission/relaying
energy allocation between the two phases at both the source
and the relay. The results in [11, 12] were obtained under a
total energy budget between the source and the relay. In this
work, we consider a separate energy constraint at each node,
which is more practical, and focus on the energy allocation at
the relay. Note that this problem was previously investigated
for systems with a single-antenna relay in [13], where the
authors presented analytical solutions in two special scenarios,
i.e.,the relay is located either very close to the source or very
close to the destination. In this work, we look at the signaling
design for both single-antenna relay and multi-antenna relay.

Our main contribution is a closed-form design of the AF
relaying energy allocation that achieves near-optimal perfor-
mance, in terms of the average receive signal-to-noise ratio
(SNR) at the destination. The main advantage of the proposed
design, compared to the existing ones in the literature, is that
it only depends on the block transmission structure but not
on other system parameters such as the transmission energy
budgets at the source and relay, and the distances between the
three terminals. In other words, this design is robust to any
changes in the energy budgets and positions of all terminals,
hence is useful for systems aiming at simple design solutions.

II. SYSTEM MODEL

We consider the communication between a source (S) and
a destination (D) assisted by a relay (R) adopting the AF
protocol. Both S and D have a single antenna for transmission
and reception, while the number of antennas at R, denoted
as Npg, can be more than one. An example of such system
is shown in Fig. 1. The communications between the three

! An alternative channel estimation scheme was considered in the literature,
e.g., [9,10], which separately estimates the individual (source-relay and relay-
destination) channel gains. This scheme requires extra transmission resource
to reliably forward the estimate of source-relay channel to the destination.
In this work, we do not consider this scheme and assume that the dual-hop
channel gain is estimated at the destination.
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Fig. 1. The AF relay communication system considered in this work.

terminals are affected by path loss attenuation as well as
Rayleigh fading. As shown in Fig. 1, we denote the channel
gain between S and R as /Ssrhsr and the channel gain
between R and D as v/Brphgrp. In particular, Ssr and Sgrp
are scalar constants determined by the path loss, while hspr
and hrp are independent fading variables having zero-mean
circular-symmetric complex Gaussian (ZMCSCG) entries with
unit variance. When R has multiple antennas, hgp isa Np x 1
vector and hrp is a 1 x N vector.

A block-wise transmission scheme is considered, in which
the channel gains remain constant during one transmission
block and change to some independent values in the next
block. In order to facilitate channel estimation at D, S first
transmits L, training symbols followed by L, data symbols in
each transmission block. Hence, D uses the channel estimates
obtained from the training symbols to perform data detection.
The transmit powers at S for training and data symbols are
denoted as Pg; and Pg, respectively. Similarly, we denote the
relaying powers at R for training and data symbols as Pr; and
‘Pra, respectively. If R does not distinguish between training
and data transmission, a constant relaying power should be
used, i.e., Pr; = Prq. In this work, we aim to investigate the
benefit from carefully designing the values of Pgr; and Prg
under a constraint on the total relaying energy per transmission
block.? In order to design Pr; and Pgy, R needs to know the
block transmission structure, i.e., whether the current symbol is
from training or data transmission. This information is usually
easy to obtain at R with minimal cost.

In this work, we consider the following two scenarios:

1) Single-Antenna Relay: In this case, R does not need
to know the channel gains and simply amplifies and
forwards the received signal from S to D.

2) Multi-Antenna Relay: In this case, we consider that
R has estimates of both hgrp and hrp. Based on
these channel estimates, R applies receive and transmit
beamforming to the received signal from S in order to
maximize the signal strength arrived at D.

Since the relaying signaling is different in the above two
scenarios, we will study them separately.

2As discussed in later sections, the design of relaying powers which
maximizes the average received SNR at D is not affected by the presence
of the direct link between S and D.

III. SINGLE ANTENNA RELAY

In this section, we consider that the relay has a single
antenna. The received signal at R is given by

V' PsBsrhsrr + ng, (1

where x is the transmitted symbol with unit variance which
can be either a training or data symbol, Pg = Pg, for training
and Ps = Pgq for data transmission, np is the receiver noise
at R which is a ZMCSCG random variable with variance o%.
After AF relaying, the received signal at D is given by

V Brphrpoyr +np, (2)

where np is the receiver noise at D which is a ZMCSCG
random variable with variance 0% and « is the amplification
gain at R given by’

Pr
a = _— (3)
PsBsr + 0%
where Pr = Pg; for training and Pr = Pprg for data

transmission. It is worthwhile to note that R only needs to
know the average received signal strength Pgfgpr, but not
the individual values of Pg and Sgpg, in order to design the
amplification gain.

During the training phase, the LMMSE estimator [14] is
used at D to estimate the dual-hop channel from S to D,
i.e.,h = hrphgsg. Specifically, the received signal is

PriBrpPsiBsr PriBrp
PsiBsr + 0% PsiBsr + 0%
Vnps  i=1,2,... L. )

YDi = hx; + 5 MRDNR,;

The LMMSE estimate of h is obtained by combining the L,
training observations. We denote the estimate of h and the
estimation error as / and h, respectively, i.e.,h = h + h. The
variances of h and h are given by, respectively,

LiPrtPsiBrpBsr

2 PsiBsr+og 5
O';L = P 2 ) ( )

L+PriPstBrpBskr RtPRDOR + o2

PstBsrtoyg PstBsrtog D

and
2 _1_42

o; =1—oj. (6)

During the data transmission phase, the received signal at
D can be rewritten as

B PraBrpPsabsr ; PraBrpPsabsr ;
Yyp = - 5 5 he+ 5 h
PsaBsr + 0% PsaBsr + 0%
Prafrp
+ 7}1 nr-+n 7
PaBsn + 0% RDNR +Np. @)

As mentioned, the aim of this work is to design the relaying
powers Pr; and Prg to achieve good system performance.

3In this work, we assume that the relay’s amplification gain is not adaptive
to the instantaneous channel gain. Hence, the relaying powers, i.e., Pr; and
PRa. are the long-term average power during training and data transmission.
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We focus on the long-term performance, which is usually
measured in terms of the ergodic capacity or symbol error rate
(SER). The non-Gaussian nature of the dual-hop channel from
S to D makes it very difficult to find a mathematically trackable
expression for the exact ergodic capacity or SER which takes
channel estimation error into account [15]. In order to derive
analytical solution to the relaying power optimization problem,
we consider the average received SNR at D as the objective
function. Note that if there exists a direct link from S to D,
maximum ratio combining could be used [4] and the overall
SNR at D is the sum of the SNRs of the direct link and
the dual-hop link. Clearly, the choices of the relaying powers
affect the SNR of the dual-hop link but not the SNR of the
direct link. Hence, we focus on the dual-hop link only and
define its average receive SNR based on (7) as

2
PraBrDPsdBsr 7,
E{|\/ Pl ha] |
E{‘\/PRdﬁRDPSdﬁSth_’_ PraBrD hRDnFi"‘nD’Q}

PsiaBsr+o% PsiBsr+og

PraBrpPsabBsr o2
PsaBsr+og h

= PraBrpPsaBsr 2_|_
PsaBsr+op

Pave =

®)

PraBrD
PsaBsrtoy OR + UD

where E{-} denotes the mathematical expectation, a]% and o2
are given in (5) and (6). respectively. payve in (8) gives a long-
term performance metric for the dual-hop link which admits
a closed-form expression. Hence, we use it as the objective
function to optimize Pr; and Pry.

A. Optimizing Relaying Energy Allocation

We consider a constraint on the total relaying energy per
transmission block. This can also be interpreted as a constraint
on the average relaying power, denoted by Pr. Hence, the
total relaying energy per transmission block is given by
fR(Lt +L4). We denote the ratio of the total energy allocated
to training as ¢. Hence, we have

OPr(L: + Lg) (1 —=@)Pr(Lt + Lg)

Ly ’ Lqg '
The design problem can be written as maxg paye. To obtain the
optimal relaying energy allocation, one can numerically search
for the value of ¢ € (0,1) that maximizes p,y. in (8). The
solution to the optimal ¢ depends on all system parameters,
including the transmit powers at the source Pg; and Pgy, the
channel path loss factors Bsr and Srp, and the receiver noise
at the destination o%. Although these parameters are reason-
ably constant over time, it certainly incurs cost in obtaining
them at R. For systems aiming at simple design solutions,
it is desirable to have a closed-form solution of the relaying
energy allocation that works well in most practical scenarios
and depends on the least number of system parameters.

Pre = Pra =

€))

To obtain a closed-form design solution, we focus on the
high SNR regime by assuming Ps:Bsr > 0%, PsalBsr >
0%, PriBrp > 03, and PraBrp > 0%. The average receive
SNR pyye in (8) can be approximated as (10) on the top of this
page. The optimal ¢ that maximizes p,,. in (10) can be found
by first substituting (9) into (10), then set the first derivative
of pave W.I.t. @ be zero and solve for the root. The solution is
given as

1
1+\/Ld.

We see that the above simple solution only depends on the
data length L; and does not depend on any other system
parameters. As long as the block transmission structure is
fixed, the relaying energy allocation given in (11) is the same
regardless of the energy budgets at S and R as well as the
distances between the three terminals. We will see in Section V
that this simple solution gives near-optimal performance not
only at high SNR but over a wide range of practical SNR
values.

o = (1D

IV. MULTI-ANTENNA RELAY

Next, we consider that the relay has multiple antennas,
i.e., Np > 1. In order to maximize the received signal strength
at D, both receive and transmit beamforming are used at
R based on its estimates of hgr and hgrp. Note that an
additional training phase is required at the beginning of each
transmission block to obtain these individual channel estimates
at R. In practice, the individual channels can be either directly
estimated by R, or first estimated by S and D, and then sent
to R using feedback/feedforward links. Since the aim of this
work is to design the relaying powers, we do not study the
details of the additional training phase and consider that the
individual channel estimates have already been obtained at R
with certain error variances.

Let us denote the individual channel estimates as hs R
and h rp and their estimation errors as hS r and h RD-
Furthermore, the variances of the estimation errors (i.e.,the
variance of each element in fLSR and szD) are denoted as
0% and o2,, respectively. The relay precoding matrix, which
consists of the maximum ratio combining vector and transmit
beamforming vectors, is given by

’;’RD ’ALSR
lhrp] sl

where ||v]| = /tr{vTv}. Therefore, the received signal at D
is given by

12)

yp = av/BrohrpWyr+np,

where Yy, is the received signal at R given in (1) and « is the
relay amplification gain given in (3).

13)



The dual-hop channel from S to D is given by h =
hrpWhgpg. Unlike the single-antenna case, the dual-hop
channel in the multi-antenna case is not zero-mean due to
the relay precoding. We denote its variance as o7, which can
be expressed as
o = E{|h*} — (E{h})®

= E{lhrol*YE{Ihskl*} + E{lhrpl*}o?,
+E{|lhsrl*}oly+0210% — (E{hrp})* (E{hsr})*.
(14)

During the training phase, the LMMSE is used at D to

estimate the dual-hop channel gain h. Specifically, we have

a/PsiPrpBsrhx; +uy, 1 =1,2,..., Ly, (15)

where

Pri
Ny = 5 9 16
! PsiBsr + 0% (16)

and
ug; = ag\/ SrohrpWng; +np;.

We denote the variance of wu;;,Vi as o2,
computed as

7)

which can be

Similar to the single-antenna case, we can define the average
receive SNR of the dual-hop link based on (21) as

E{ ‘ad\/PSdBRDﬂSRBx‘Q}

. p)
E{|auv/PsiBroBsnhe +ud }
a%PsaBrpBsrE{|h|?}
oa2PsafrpBsrE{|h|?} + 02,
aiPsifrpBsr [U}% + (]E{h})ﬂ

= ; (25)
a?iPSdﬂRDﬁsRG,% + 02,

Pave

where E{h} = E{|hrpl|/}E{||hsr||} is the mean value of
the dual-hop channel.

A closed-form expression of the average receive SNR can
be obtained using the following identities:

E{|hrol®} = Nr(l-od),
E{lhsel?}) = Na(l-o?)
Ellhaol}? = [FTP] - o),
Ellhsaly? = [Fp=] -k

The derivations of the above equations are similar to those

Uit = E{\u“|2} = atﬁRDUR(E{HhRDH P+ Uez) + UD (18) in [16, Egs. (3-5)], hence are omitted for brevity.

The LMMSE estimate of h is obtained by combining the
L, training observations. Similar to the single-antenna case,
we denote the estimate of / and the estimation error as & and
iL, respectively, i.e.,h = h + h. The variances of h and h are
given by, respectively,

L
J}% _ 0_2 Uhat 'PStﬁRDﬂSR t (19)
02aiPsiBrpBsrLs + 02
and
0.2
ol =0} L (20)

Uhat ,PStBRDﬂSRLt + Uut

During the data transmission phase, the received signal at
D is given by

V' PsiBrpBsrhx + uq

Yp = Qq
= aa\/PsaBroBsrha+aq\/PsaBrpBsrhr+uqg,21)
where
= PSdﬁZI;d-F 0%’ 2
and
ug = ag\/BrohroWng +np. (23)

We denote the variance of u,4 as aid, which can be computed
as

0vd = E{[ual®} = a3BrooE{|hrpl*} + 02) + 0. (24)

A. Optimizing Relaying Energy Allocation

We formulate the same relaying energy allocation problem
as in the single-antenna case described in (9). Specifically, we
solve the optimization problem given by maxg pave, subject to
an average relaying power budget P . To obtain the optimal
relaying energy allocation, one can numerically search for the
value of ¢ € (0, 1) that maximizes p,y. in (25). However, the
optimal solution depends on all system parameters as well as
the individual channel estimates. In the following, we look for
a simple closed-form solution of the relaying energy allocation
that depends on the least number of system parameters.

Applying the high SNR assumptions, i.e., PsiBsr > 0%,
PsaBsr > 0%, PreBrp > 0% and PraBrp > 0%, the
average receive SNR in (25) is approximated as

PraBrp [CfﬁpRt/@RD Li+(E{h})*(67 PreBrp Lt +05t):|

Pave ~ ) 3 2 2
PraBrpoj,oiy + 044(0 PriBro Lt + 03y

PrabrD [UﬁpRtﬁRDLt + 02 PrieBrp Lyt (E{h})ﬂ
PraBrpoioZ, + 03 PriBrpLic?,
PraPriBrp Ly [0;21 + (E{h})z} /oD

PreB PrafB
Pra(Bugizn+ 1) + Prcle (Fasfis + 1)

Q

2 ~
where k = ZTg(E{”hRD”2} +02,) + 1.
In this high SNR regime, the optimal value of ¢ that
maximizes pue in (26) can be found by first substituting (9)

» (20
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Fig. 2. The average receive SNR puye versus average relaying power P
in systems with a single-antenna relay. The markers show the maximum paye
achieved with the optimal ¢ found numerically. The solid lines show the paye
achieved using the proposed closed-form ¢, in (11). The dashed lines show
the pave achieved with fixed power relaying, i.e., Prs = Prq. The transmit
power at S is set to Psy = Pgq = 10 dB. The block structure is given by
Lt =1 and Ld = 10.

into (26), then set the first derivative of p,,. w.r.t.¢ be zero
and solve for the root. The solution is given as

1
14++Lyg

This solution only depends on the data length L, and does
not depend on any other system parameters or the individual
channel estimates. Hence, the designer can set the relaying
energy allocation without knowing the quality of the channel
estimates, and the energy budgets and locations of all termi-
nals. Furthermore, this solution is independent of the number
of antennas at R.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results to illustrate
the performance gain from optimizing the relaying energy
allocation. We normalize the receiver noise variances as 0% =
0%, = 1. Figs. 2 shows the average receive SNR py in systems
with a single-antenna relay, while Figs. 3 and 4 show p,y. for
the case of a 4-antenna relay with different data lengths in the
block-wise transmissions. In particular, we are interested in
the performance of the proposed closed-form relaying energy
allocation given in (11) or (27), which is derived from the
high SNR regime. It is clear from the figures that this simple
closed-form design achieves nearly the optimal performance
over a wide range of relaying power budget for both a single-
antenna relay and a multi-antenna relay.

Furthermore, the simple yet near-optimal design gives cer-
tain performance improvements over fixed power relaying
(i.e., Prt = Pra). As shown in Figs. 2, for achieving the
same level of average receive SNR (which can be regarded as
a target QoS), one saves around 1 dB of the relaying power
by optimizing the relaying energy allocation instead of fixed

Average receive SNR [dB]

o optimal |
- closed—form, q>o
— — —fixed power
6 i i n
0 5 10 15 20

Average relaying power [dB]

Fig. 3. The average receive SNR puye versus average relaying power P g in
systems with a 4-antenna relay. The markers show the maximum paye achieved
with the optimal ¢ found numerically. The solid lines show the pave achieved
using the proposed closed-form ¢, in (27). The dashed lines show the paye
achieved with fixed power relaying, i.e., Prt = Prq. The transmit power
at S is set to Pgy = Pgq = 10 dB. The estimation error of the individual
channels has variance of le = 032 = 0.1. The block structure is given by
Ly =1and Lg = 10.
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Fig. 4. The average receive SNR paye versus average relaying power P g in
systems with a 4-antenna relay. The markers show the maximum p,ye achieved
with the optimal ¢ found numerically. The solid lines show the pave achieved
using the proposed closed-form ¢, in (27). The dashed lines show the paye
achieved with fixed power relaying, i.e., Pr+ = PRrq. The transmit power
at S is set to Pgy = Pgq = 10 dB. The estimation error of the individual
channels has variance of crg1 = 022 = 0.1. The block structure is given by
Ly =1and Ly = 50.

power relaying. More interestingly, the amount of improve-
ment depends on the transmission block structure, i.e.,the
lengths of pilot and data symbols. For a fixed pilot length,
the improvement from optimizing relaying energy allocation
becomes more significant as the data length increases. This can
be seen by comparing Fig. 3 for systems with L; = 1, Ly = 10
and Fig. 4 for systems with L, = 1, Ly = 50. For achieving
the same level of average receive SNR, one saves around



0.7 dB of the relaying power by optimizing the relaying energy
allocation instead of fixed power relaying when L, = 10. This
power saving boosts up to around 1.6 dB when L, = 50. This
result suggests that optimizing the relaying energy allocation
may be important for slow fading channel that has a relatively
long coherence time to allow a large number of data symbols
in one transmission block.

VI. CONCLUSION

In this paper, we studied the relaying energy allocation
between training and data transmission for a AF relay. The
closed-form energy allocation derived from the high SNR
analysis was shown to achieve near-optimal performance over
a wide range of relaying power budget. More importantly, the
derived energy allocation solution only depends on the block
transmission structure but not on any other system parameters,
which makes it attractive for practical implementation.
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