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Abstract

This study proposes a novel power control method for amplify-and-forward (AF) relay systems operating in time-varying
channels. Transmit power control between the source and relay nodes significantly enhances the performance of the AF relay
system, and the improvements are proportional to the number of antennas. However, these enhancements are restricted by the
presence of time-varying channels, and this limitation increases in severity with increasing number of antennas. To address the
challenges posed by these channel variations, the proposed method adaptively optimizes the power-scaling factors to minimize
the mean-squared errors under a power-inequality constraint. Numerical results demonstrate that the proposed method
effectively mitigates the bit-error-rate performance degradation caused by channel variations, maintaining robust performance
even in systems with a large number of antennas. This approach offers a promising solution for improving the reliability and
efficiency of AF relay systems under dynamic channel conditions.

Index Terms: Amplify-and-forward relay, Minimum mean-squared error (MMSE), Power control, Time-varying channels

I. INTRODUCTION

The number of mobile devices has been increasing over
the last few decades, and this trend will continue due to the
proliferation of mobile broadband services. Consequently,
mobile networks now require higher data rates and wider
coverage areas than were previously required [1]. Tradition-
ally, relays have effectively enhanced the data rate and
extended the coverage of mobile networks without requiring
an additional wired backhaul [2]. Accordingly, mobile net-
work standards such as IEEE 802.16, long-term evolution,
and new radio have adopted relay systems.

Relaying between a source node (SN) and destination node
(DN) can be accomplished via several schemes, which are
distinguished by the signal processing of a relay node (RN).
The most straightforward relaying scheme is amplify-and-

forward (AF), in which the signals received at the RN are
linearly processed and retransmitted to the DN [3]. Owing to
the absence of a decoding procedure at the RN, the AF
scheme is less complex than other strategies such as the
decode-and-forward and compressed-and-forward schemes.
However, the noise amplification induced by the RN limits
the AF scheme and causes performance degradation. To cir-
cumvent this problem, various power control methods based
on channel information in AF relay systems have been
adopted [3]. For example, a power control framework was
developed to maximize the signal-to-noise ratio (SNR) of the
DN [4]. In [5], the optimal power-scaling factors of the RN
were represented using two objective functions: the mini-
mum mean-squared error (MSE) and zero forcing. Further,
power control methods based on the minimum MSE (MMSE)
criterion under power-inequality constraints were designed
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Fig. 1. Frame structure with one pilot and T-1 data symbols.

[6]. Channel information is uncertain in AF relay systems
because it is obtained from channel estimation at an SN or
DN (and feedback from them). Thus, channel uncertainty
should be carefully considered when designing power con-
trols, particularly when the channel varies over time. How-
ever, all the previously mentioned studies assumed time-
invariant channels throughout the data transmission. In time-
varying channel environments, the power control perfor-
mance degrades owing to outdated information. Therefore,
channel variations should be carefully considered to avoid
significant performance degradation.

In this study, we propose a power control method for AF
relay systems in time-varying channels. Closed-form expres-
sions of the optimal power-scaling factors are derived from
the MMSE problem under a local power-inequality con-
straint. However, obtaining a solution is challenging because
the optimal power-scaling factors are heavily entangled. To
obtain a feasible solution, we employ an alternating-optimi-
zation-based iterative algorithm that sequentially optimizes
the power-scaling factors while keeping all others fixed. The
simulation results confirm that the proposed power control
method effectively mitigates bit-error-rate (BER) perfor-
mance degradation caused by channel variations when each
node has four or more antennas.

The remainder of this paper is organized as follows: The
system and signal models for the considered AF relay system
and time-varying channels are introduced in Section II, while
the proposed power control method is presented in Section
III. The simulation results and conclusions are presented in
Section IV and Section V, respectively. The following nota-
tion is used throughout the paper: boldface lower-case and
capital letters denote vectors and matrices, respectively,
while lower-case letters denote scalars; superscript H rep-
resents a conjugate transpose; |x| and |x| denote the absolute
value of x and the 2-norm of x, respectively; I, represents an
n X n identity matrix; E{-} is the expectation of a random
variable or matrix; CAV(0, 6%) represents a zero-mean com-
plex Gaussian distribution with variance 6% (x)" denotes
(x + |x])/2 for an arbitrary real number x; and R(x) is the real
part of x.

Il. SYSTEM AND SIGNAL MODELS

In this study, we consider downlink communication in a
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two-hop half-duplex AF relay system with scaled eigen
beamforming [6]. The SN, RN, and DN are equipped with
Ng, N, and Np antennas, respectively. For beamforming pur-
poses, Ng and Nj are greater than or equal to two, while Ny
has no constraints. The direct path between the SN and DN
is not considered. Denoting 7 as the number of transmitted
symbols per frame, Fig. 1 illustrates the frame structure,
which consists of one pilot and 7—1 data symbols. The pilot
symbol is transmitted at the first transmission time. The
channels are estimated separately at the RN and DN and then
fed back to every node through a broadcasting channel. In
this study, perfect channel feedback is assumed. After the
channel estimation and feedback completed, the remaining
transmission time is used to transmit 7—1 data symbols.

Let H(t) eCVR*YS and F(t) eC"P*MR denote the first-
and second-hop channel matrices at the fth symbol time,
respectively, for symbol time index 7 €{0, ..., 7-1}. The
channel model conforms to Rayleigh fading, where the ele-
ments of H(z) and F(¢) are independent random variables
following CA(0, 1). The first-order Gauss-Markov process is
assumed to model the time variation of the first- and second-
hop channels as follows [7]:

H(t) = p,H(t - 1) + Z,(1) = p{H(0) + =;_ p}, Zy(i), (1)
F(t) = p#F(1— 1)+ Z(1) = piF(0) + Zi_ py  Z(i). (2)

Here, the elements of Z,(t) eCMR*NS and Z(1) eCND*NR
are independent random variables following CAXO, l—pi)
and CN(0, l—p; ), respectively, where pj, €[0, 1] and p,€[0,
1] are the first- and the second-hop correlation coefficients,
respectively. In this study, we assume that p, and p; are
known at each node because the channel correlation coeffi-
cient can be accurately estimated [7].

For the beamforming, all nodes should know the perfect
channel information (i.e., H(z) and F(¢) for ¢ €0, ..., T-1).
However, only the estimates of H(0) and F(0), denoted by
H (0) eCVRXNS and F (0) eCND*MNR_ respectively, are avail-
able. The estimated channel matrices are modeled as:

H (0) = H(0) + A, 3
F(0)=F(0)+Ag 4)
where the elements of A, eC'R*NS and A, eC'P* R are
independent random variables following CMO, ci) and
CMo, cs; ), respectively. Consequently, the relay processing

matrix and source-destination beamforming vectors are
obtained from H (0) and F (0), as follows [6]:

W(1) = ot )V €CVR* VR, )
a(r) =B(t)v, eCVs*1, (6)
b(r) = Y(t)uy eCVO* 1, 7)

Here, u;, eCMR*! and v, eC¥s*! are the left and right sin-
gular vectors, respectively, corresponding to the largest sin-
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gular value M, of H(0); ufe(CNDX1 and v, eCMr*1 are the
left and right singular vectors, respectively, corresponding to
the largest singular value 1, of F (0). The power-scaling fac-
tors o(z) €R, B(z) €R, and y(z) €R are designed in Section
111

The SN transmits the data over the first-hop link. The 7th
transmitted symbol vector of the SN is expressed as

x(1) = a(t)d(r) € CVS*1, ®)

where the rth data symbol is denoted by d(z) € C with
E{|d(t)]*} = 1. At the RN, the th received symbol vector is
given by

yr(t) = H(t)x,(1) + ng(t) € CVR* L, )

Here, ng(t) € C'R*! is an additive white Gaussian noise
(AWGN) vector with E{np(t)ny (1)} = ol . The RN per-
forms linear processing of yp(¢) with W(¢) as follows:

xg(t) = W(t)pg(t) € CVRXL, (10)

Then, xp(¢) is transmitted to the DN over the second-hop
link. The 7th received symbol vector at the DN is given by

yp(t) = F(t)xg(1) + np(r) € CVP>1, (1

where ny(f) € CM0*1 is an AWGN vector with ]E{nD(t)ng ®)}
= GEIND‘ Substituting (8)-(10) into (11), the DN combines
yp(t) to obtain the fth estimated data symbol d(¢)=
b(t)yp(t) € C, which is expressed as

d(t) = () F( )W) H(1)a(1)d(t)

+ b (O F(O)W(O)ng(t) + b7(6)np(1). (12)

lll. POWER CONTROL METHOD IN TIME-VARY-
ING CHANNELS

In this section, we design the power-scaling factors {ou?),
B(#), y(#)} to minimize the MSE between d(¢) and d ()
under the local inequality constraint. Henceforth, the time
index ¢ is omitted whenever convenient.

The transmit power of the SN and RN are independently
bounded by Py and Py (i.e., E{lxg*} < Pgand E{|xg*} < Py),
respectively, under the local power-inequality constraint. The
MMSE of the data symbol is expressed as follows:

E{ld-d [},

min
aLaBLaYL

s.t. E{|x¢?} < Pgand E{|xg]*} < Py (13)

where oy, 3;, and y; are the power-scaling factors under the
local power-inequality constraint. Using the Lagrange multi-
plier method and substituting (8), (10), and (12) into (13),
we obtain

Ji (14)

min
0By oAhg by

where Ag and Ay are the non-negative Lagrangian multipli-
ers, and J; is the cost function under the local power-
inequality constraint, which is given by
Jp = E{ld ~d Py +hg(B{|xs "} =Ps)+hp(E{|xg [} = Pp)
o 2022 2022 2i:2
=1-20,B, v, PP M0 BLYLP, MPr Ny
22 22 2 22
TOoY P MOrTY0p

2,2 2t~2

+7&€([~)’E_PS)+7‘R(°‘LBLPh nh+0‘i°§e—PR)- (15)
Here, the corrupted singular values 11, and ﬁ ; satisfy
i, ZE{‘nh_quhvthZi: 1P;i”hHZh(")"h‘2 }
=+ 20, E{RE)IHE(S,2 +p, " ~1 R, (16)
iy Bty A 510w Z )
=n;+2n0,E{RE)+E{8,} +p, > -1 €R, (17)

where 3, and &, are defined as —uhHAhvh and —u;{Afvf,
respectively. By equating the derivatives of J; with respect
to the optimization variables to zero, the optimal power-scal-
ing factors and Lagrangian multipliers under the local
power-inequality constraint are expressed as

t t
o = BLyPimuPM, (18)
2 2~2 2 2~2 2.’
(Ymef”»R)(BLPmﬁGR)
oYL P AP
_ LYLPMAPM s
Br= 22 242 2022 2 2(~2 ’ (19)
QLYLP, NPy Ny T AR P My g
o B, PP
_ LPLPINRP My
VL™ "33 2122 21,2, 2.2 2i-2, 2° (20)
o B, M,Py N, T 06PN+ Gp
BLYLPMAPM '
YL PINRPA s 2~2
| T R @
PR(BLP;, T];ﬁGR)
oYL PPN ’
LILPR'h 2 2172, 2 2172
xs(————iiﬂmwmnwm+mﬂ. (22)
JPg

Direct computation of the optimal solution for (18)-(22) is
challenging because o (¢), Br(¢), Yi(1), As(?), and Ag(¢) are
functions of other optimization variables. Therefore, we
adopt the alternating optimization presented in Algorithm 1.
Here, the subscript k& denotes the iteration index. The maxi-
mum number of iterations and threshold for the stopping cri-
terion are denoted by K., and €, respectively. In line 7,
{o 1 (), Bri(?), vpx(?)} is updated by inputting the power-
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scaling factors and Lagrangian multipliers obtained at the
(k=1)th iteration into (18)-(20). When implementing Algo-
rithm 1, an infeasible solution o ; (1) =P (#) =V, =0 is
obtained if PB;,(f) and y7(¢) are initialized by zero. To
resolve this issue, {B7o(?), Y,0(?), Aso(?), Ago(?)} are set to
{1,1,0,0} atr=1.

Algorithm 1: Power control algorithm under local power-
inequality constraint.

1 Input: Correlation coefficients {pp, pr}, estimated
singular values {1, n5}, corrupted singular values
{fin(t), ¢(t)}, and local power constraints {Ps, Pg}.

2 Output: Relay processing matrix and source-
destination beamforming vectors {W(t), a(t), b(t)}.

3 fort=1toT—-1do

4 Bro®) =yL0(6) =1 and A5o(t) = Ago(t) = 0.
5  Initialize J, o(t) = 0.

6 for k=1 to K, do

7 Update a, ;(t), BLi(t), and y, . (t) as (18)—(20).
8 Obtain Az, (t) and Ag,(t) from (21) and (22).
9 Compute J, ,(t) from (15).

10 if 0<J,q() = J,x(t) <€ then

11 Break.

12 end if

13 end for

14 WQ) = ay, (Oveugl, alt) = Bp(t)vy,
b(t) = v (Dus.
15 end for

IV. SIMULATION RESULTS

The performance of the proposed power control algorithm
is evaluated through numerical simulations. The simulation
parameters are listed in Table 1. The local power-inequality
constraint is set to Pg=Pp=1. For the simulation the
recelved SNRs at the RN and DN are defined as Pg/ GR and
P/ GD , respectively [6]. Because the radio link between the
SN and RN is usually in good condition during downlink
communication [8§], PS/c?a is fixed at 25 dB. The data sym-
bols are modulated using 16-quadrature amplitude modula-
tion (QAM). The channel correlation coefficient typically
ranges between 0.9 and 0.99 [9]. Accordingly, the correla-
tion coefficients p, and p,are set to 0.99 and 0.97, respec-
tively. The maximum number of iterations K, and
threshold value € are 1000 and 107, respectively. The vari-
ance of channel estimation errors ci and cs; is fixed at 0.1.
From (18)-(22), the square of the corrupted singular values
ﬁi (¢) and ﬁ? (t) are required to obtain the power-scaling
factors Thus, assuming channel uncertainty of up to 10%
(ie., ch <0.1 and G;SO 1), the following model is employed

[6]:

https://doi.org/10.56977/jicce.2024.22.4.267

Table 1. Simulation parameters for verifying the performance of the
proposed algorithm

Parameters Values
Local power-inequality constraint Pg=Pp=1
SNR at RN Pg/cy =25 dB
Data symbol modulation 16-QAM
Channel correlation coefficients {pm PA=10.99, 0.97}
Maximum number of iterations K ax =1000
Threshold for stopping criterion e=10"
Variance of channel estimation error csf, :c; =0.1
Table 2. Numerical values of {a,, aj, by, by} in (23)

{Ng, Ng, Np} ) a b, by
{2,2,2} 0.7961 —-1.8052 2.1372 1.0164
{4, 4,4} 1.3696 —-3.0867 7.4859 1.0584
{8, 8,8} 2.1750 —4.8452 19.3744 1.1544

{Ns, Ng, Np} =12, 2, 2}

BER

{8, 8, 8}

{Ns, Nr, Np} =

- ZA- - Power control of [6]
—>¢— Proposed power control
-10 5 0 5 10 15 20 25
Received SNR at DN, Pg/o}, (dB)

(@)

- 2 - Power control of [6]
—>¢— Proposed power contorl

2 4 6 8 10 12 14 16
Number of transmitted symbols per frame, 7'

®)

Fig. 2. 16-QAM BER performance comparison with Pg/ GR =25dB. (a) BER
over PR/GD for T=16. (b) BER over TforPR/cD =20 dB.

270



MMSE-Based Power Control for Amplify-and-Forward Relay Systems in Time-Varying Channels

E{R@)} ~(a0 + a))o?, (232)
E{|8[*} ~(b,0° + b))o?, (23b)

where the coefficients {a,, a;, b,, b} are numerically com-
puted using the polynomial fitting method. Table 2 lists the
values of {a,, a;, by, b} used in the simulations. By substi-
tuting (23) into (16) and (17), ﬁi (t) and ﬁ; (t) are obtained.

In Fig. 2, the BER performance is evaluated over Py/ csf)
and 7 to demonstrate the robustness of the proposed power
control method against time-varying channels. For compari-
son, the power control method in [6] is adopted as a baseline
method, in which the power-scaling factors obtained at # =0
are applied for #>1 . The simulation results show that the per-
formance gap between the proposed and baseline methods is
negligible when the number of antennas at each node is two.
In contrast, the proposed method effectively mitigates BER
performance degradation caused by the time-varying channels
when the number of antennas at each node is four or eight.
Particularly, the proposed method with {Ng, Np, Np}={4, 4,
4} outperforms the baseline method with {Ng, Np, Np}={8, 8,
8} when PR/GéZIO dB or 7>12. The baseline method
exhibits limited BER performance because the power-scaling
factors are not adjusted to the channel variations. In contrast,
the proposed method adaptively controls the power-scaling
factors at each symbol time to minimize the MMSE of the
data symbols at the DN.

V. CONCLUSION

In this study, we proposed a power control method under
the local power-inequality constraint for reliable communica-
tion in multi-input multi-output amplify-and-forward relay
systems in time-varying channels. In the proposed method,
the power-scaling factors of each node were obtained from
an alternating optimization-based iterative algorithm. The
simulation results demonstrated that the proposed method
effectively mitigated the BER performance degradation
caused by time-varying channels when each node had more
than four antennas.
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