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ABSTRACT

Cooperative relaying is a promising diversity achieving technique to provide reli-
able transmission, high throughput and extensive coverage for wireless networks in a
variety of applications. Two-way relaying is a spectrally efficient protocol, providing
one solution to overcome the half-duplex loss in one-way relay channels. Moreover,
incorporating the multiple-input-multiple-output (MIMO) technology can further im-
prove the spectral efficiency and diversity gain. A lot of related work has been per-
formed on the two-way relay network (TWRN), but most of them assume perfect
channel state information (CSI). In a realistic scenario, however, the channel is es-
timated and the estimation error exists. So in this thesis, we explicitly take into
account the CSI error, and investigate its impact on the performance of amplify-and-
forward (AF) TWRN where either multiple distributed single-antenna relays or a
single multiple-antenna relay station is exploited.

For the distributed relay network, we consider imperfect self-interference cancella-
tion at both sources that exchange information with the help of multiple relays, and
maximal ratio combining (MRC) is then applied to improve the decision statistics
under imperfect signal detection. The system performance degradation in terms of
outage probability and average bit-error rate (BER) are analyzed, as well as their
asymptotic trend. To further improve the spectral efficiency while maintain the spa-
tial diversity, we utilize the maximum minimum (Maz-Min) relay selection (RS), and
examine the impact of imperfect CSI on this single RS scheme. To mitigate the
negative effect of imperfect CSI, we resort to adaptive power allocation (PA) by min-

imizing either the outage probability or the average BER, which can be cast as a



v

Geometric Programming (GP) problem. Numerical results verify the correctness of
our analysis and show that the adaptive PA scheme outperforms the equal PA scheme
under the aggregated effect of imperfect CSI.

When employing a single MIMO relay, the problem of robust MIMO relay design
has been dealt with by considering the fact that only imperfect CSI is available.
We design the MIMO relay based upon the CSI estimates, where the estimation
errors are included to attain the robust design under the worst-case philosophy. The
optimization problem corresponding to the robust MIMO relay design is shown to
be nonconvex. This motivates the pursuit of semidefinite relaxation (SDR) coupled
with the randomization technique to obtain computationally efficient high-quality
approximate solutions. Numerical simulations compare the proposed MIMO relay
with the existing nonrobust method, and therefore validate its robustness against the

channel uncertainty:.
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Chapter 1
Introduction

Relay networks have gained a lot of interest recently for the benefit of spectral effi-
ciency [I-6]. Comparing to one-way half-duplex relaying, bidirectional relaying is a
spectrally efficient protocol to simultaneously communicate between two users [, 5].
The two widely used relaying protocols in one-way relaying — amplify-and-forward
(AF) and decode-and-forward (DF) [2,3] — are naturally inherited by the two-way
relaying. Attracted by the benefits of lower complexity and easier implementation,
AF protocol is more desirable for practical consideration if compared to DF.

Typically, AF two-way relaying consists of two sources transmitting information
simultaneously to the relay in the first phase, and the relay amplifying the received
signals and broadcasting in the second phase. The process of linear amplifying the
sum signal received from both sources and then retransmitting the resulting signal
is also referred to as analogy network coding (ANC). The essential of ANC relies on
the observation that the collision at the relay in the first phase is totally harmless,
and that the so-called self-interference can be removed from the received signals at
the sources before data detection since both sources know their own transmitted
signals. The ANC has been extensively employed in the AF two-way relay network
(TWRN) [6-12].

1.1 Motivation and Related Work

In practice, channel state information (CSI) must be estimated, and therefore estima-
tion error exists. So it is important to study the influence of channel estimation error

on the system performance in AF TWRN. Furthermore, the strategies to enhance the



performance and combat the channel uncertainty resulting from the estimation error
are also of practical interest. In this section, the related work in the literature for AF
ANC-based TWRN has been investigated, which demonstrates the lack of research in
the area of performance analysis and enhancement with imperfect CSI, and motivates
the work of this thesis.

1.1.1 Two-Way Distributed Relay Network

In the presence of multiple single-antenna relays, channel estimation for TWRN has
been comprehensively studied [6,13]. In [13], the training sequences from two source
nodes are designed to minimize the mean-square error (MSE) of channel estimation
according to zero forcing criterion. Gao, et. al. in [6] propose two channel estimators
for the AF TWRN - the maximum-likelihood estimator and the linear maximum
signal to noise ratio estimator. In these papers, the impact of inaccurate channel
estimation is measured by how well the estimator can approximate the actual channels
in the MSE sense.

Another line of research has been focused on power allocation (PA) for TWRN
[9,10]. In [9], a PA scheme taking into account the trade-off of outage probability
between the two terminals for a single relay TWRN is presented. Adaptive PA al-
gorithms are proposed in [10] to maximize the instantaneous sum rate and minimize
the system outage probability for multi-relay systems. In the presence of multiple
relays, single relay selection (RS) is exploited in [10] to further improve the system
performance. Similar to one-way relay network (OWRN), performing RS in TWRN is
attractive due to its superior rate performance and cost effectiveness in implementa-
tion. Several RS schemes in an AF TWRN with the two-step transmission procedure
are studied in [11], including best-relay selection, best-worse-channel selection, and
maximum-harmonic-mean selection. All these RS schemes can achieve the full diver-
sity order. Researchers in [12] propose a simple suboptimal min-max criterion for RS
where a single relay that minimizes the maximum symbol error rate between the two
sources is selected. Although most papers consider PA and RS to improve the system
performance, they often assume perfect self-interference cancellation under perfect
CSI condition.

It’s not difficult to find that the existing work on imperfect CSI all consider
OWRN [14-16]; while those for TWRN only take into account the design of channel

estimators. To the best of our knowledge, performance analysis of TWRN and further



enhancement by PA with imperfect CSI have not yet been studied.

1.1.2 Two-Way MIMO Relay Network

Since multiple-input-multiple-output (MIMO) systems are able to support high-data
rates by combating fading and interference, it is reasonable to exploit the advantages
of MIMO systems by accommodating multiple antennas at the relay node. Hence,
by introducing MIMO relay to assist the single-antenna sources communicating with
each other, the system can achieve impressive spectral efficiency improvements and
provide significant throughput gains.

The optimization of the AF MIMO relay precoder is extensively studied in [17-19].
In [17], the ANC-based two-way relay channel is considered and the optimal structure
for MIMO relay to achieve the capacity region is presented. Li, et. al. in [18] extend
to the relaying scheme that is suitable for any configurations of relays or antennas, and
design the relay precoder to minimize the MSE between the received and transmitted
signals with sum power constraints on all relays. In [19], the sources are equipped
with multiple antennas instead of a single antenna, so by using the minimum MSE
receivers the joint optimization of both the source and relay precoders with respect
to either minimal weighted sum-MSE or maximum weighted sum-rate of bidirectional
links is investigated. All optimal precoder design methods mentioned above assume
perfect self-interference cancellation under perfect CSI condition.

In practice, CSI needs to be estimated at the receiver by using a training se-
quence and fed back to the transmitter. In time division duplexing (TDD) systems,
the reverse-link estimation is possible at the transmitter by exploiting the channel
reciprocity [20]. Therefore, the error always exists in CSI due to various sources of
imperfection, such as estimation Gaussian noise, quantization errors, and interference
through the feedback channel. The optimal designs based upon the perfect CSI are
extremely sensitive to channel errors, which results in system performance degrading.
In fact, developing optimal designs that are robust to channel uncertainty is not a
new topic in one-way relaying, and can be found in the literature [21-23]. Chalise, et.
al. in [21] provide a robust design of MIMO relay precoder taking into account the
channel uncertainty for a system with multiple source-destination pairs assisted by a
single MIMO relay station, and further extend this work to multiple multi-antenna
relays in [22]. In [23], the same system as in [21] is considered, and the MIMO relay

precoder as well as the destination filters are jointly designed to provide robustness



to errors in CSI, and both stochastic error model and norm-bounded error model are
investigated.

In the literature, the robust design in the presence of imperfect CSI in two-way
MIMO relay network is still a complete blank, but its research significance mandates

a thorough and timely study.

1.2 Contributions

The main contributions of this thesis are summarized as follows.

First of all, the two-way distributed relay network consisting of a pair of commu-
nicating sources and multiple single-antenna relays is considered. Under imperfect
channel condition, the system performance of outage probability and average bit-
error rate (BER) are analyzed. It’s worth to note that we take into account both the
imperfect self-interference cancelation and imperfect data detection due to the CSI
estimation error. Furthermore, instead of employing all relays, we also examine the
impact of imperfect CSI on a single RS scheme. To mitigate the negative impact of
imperfect CSI, we show that PA by minimizing either the outage probability or the
BER can be suitably casted as the Geometric Programming (GP) problem.

Secondly, we exploit a single MIMO relay station to substitute the multiple single-
antenna relays in the aforementioned AF TWRN, and investigate the problem of
designing the MIMO relay precoder by taking into account the imperfect CSI. We
design the MIMO relay based upon the CSI estimates, where the estimation errors are
included to attain the robust design under the worst-case philosophy. In particular,
the worst-case transmission power at the MIMO relay is minimized while guaranteeing
the worst-case quality of service (QoS) requirements that the received signal-to-noise
ratio (SNR) at both sources are above a prescribed threshold value. The optimization
problem turns out nonconvex, and we resort to the semidefinite relaxation (SDR)
coupled with the randomization technique to obtain computationally efficient high-

quality approximate solutions.

1.3 Thesis Outline

The rest of this thesis is organized as follows:

Chapter 2 analyzes the system outage probability and average BER of the AF dis-



tributed TWRN in the presence of CSI estimation errors, as well as their asymp-
totic performance. Thereafter, the maximum minimum (Maz-Min) single RS
scheme is presented to improve the rate performance. Finally, the adaptive PA
is proposed to further mitigate the effect of imperfect CSI on system perfor-

mance.

Chapter 3 considers the two-way MIMO relay network, and designs the AF MIMO
relay that provides robustness to the channel uncertainty resulting from the
estimation error by using the worst-case approach. Designing the robust MIMO
relay turns out to be a nonconvex optimization problem. This chapter shows
that the original optimization problem can be reformulated and then relaxed
to a convex problem that can be solved using interior point methods. Then
the randomization loop is carried out to obtain an approximate solution to the

original problem.

Chapter 4 concludes the thesis and suggests possible future work.



Chapter 2

Impact of Channel Estimation

Error on the Performance of AF
Two-Way Distributed Relaying

In this chapter, we consider an AF ANC-based TWRN with a pair of communicating
sources and multiple relays under the influence of CSI estimation error. The CSI
estimation error is modeled as the actual channel plus a complex Gaussian random
variable (CGRV) as in [15, 16]. The source is assumed to have obtained an estimate
of its own channel so that it can perform the self-interference cancellation prior to
maximal ratio combining (MRC) from all relays to improve its decision statistics. We
take into account both the imperfect self-interference cancellation and the imperfect
data detection due to CSI estimation error. We first derive the effective end-to-end
SNR after self-interference cancellation and MRC. From this, we then derive both
the outage probability and system BER, as well as their asymptotic expressions.
Furthermore, we examine the impact of imperfect CSI on RS. To mitigate the negative
impact of imperfect CSI, we also show that PA by minimizing either the outage
probability or the average BER can be suitably cast as a GP [241-26] problem which
can be solved by efficient convex programming technique [27]. Numerical results
show the correctness of the derived expressions, and demonstrate that the adaptive
PA outperforms the equal PA scheme.

The remainder of the chapter is organized as follows. Section (Sec.) 2.1 introduces
the system model under consideration. Sec. 2.2 derives the effective SNRs under
CSI estimation error, and together with both the outage probability and the BER



Figure 2.1: System model for AF two-way distributed relay network.

expressions. RS with imperfect CSI is studied in Sec. 2.3, and the corresponding
outage probability and average BER performance when considering estimation error
are determined. In Sec. 2.4, adaptive PA scheme is formulated as a GP problem to
improve the performance under imperfect CSI. Numerical results are given in Sec. 2.5,

and Sec. 2.6 concludes this chapter.

2.1 System Model

We consider a two-way AF relay-assisted system consisting of two sources A and B,
and J relays Ry, Ro, ..., R;. As shown in Fig. 2.1, there is no direct link between A
and B, and they exchange information with the help of J relays. We assume that
the TWRN operates under TDD mode, which means both the uplink and downlink
channels occupy the same frequency slot, but are differentiated in a time duplex
manner in information exchange. In the system herein, we consider a two-phase
cooperative strategy where the first phase involves the pair of sources broadcasting
to all of the relays. The second phase is where each individual relay retransmits, in
an orthogonal manner, its scaled information to the sources. During Phase I, both
sources A and B broadcast their information simultaneously in the first time slot,

which is also referred to as ANC in the literature [0, 9-12]. The signals received at



the relays are

ri =/ Pah;xa + PBgixB—l—nm 1=1,2,...J, (21)

where 4 and zp denote the transmitted signals with unit average energy, i.e.,
E[|z4]*] = 1 and E[|z|?] = 1, and P4, Py are the transmission powers of A and
B. Variables h; and g; are discrete baseband equivalent channel coefficients for both
sides of the link to the ith relay, as indicated in Fig. 2.1. The channel coefficients
h;, g; are modeled as CGRVs with zero-mean and variances 0}2” and a;_, respectively,
ie., hy ~CN(0,07.), gi ~ CN(0,07,). Parameter n,, is circularly symmetric additive
white Gaussian noise (AWGN) with variance N,,, i.e., n,, ~ CN(0, N,,).

In Phase II, all relays simply amplify the received signals and retransmit to either
source. Let the estimates of channel coefficients for both links to the ith relay be h;
and g;. We assume that both pairs h;, h; and gi, g; can be modeled as jointly ergodic
and stationary Gaussian processes. The relations between the actual channels and

the estimated channels are given by
hi = }ALZ + €h;s and g; = gz + €g:) (22)

where e;, and e, are the channel estimation errors following the distribution of
CN (O,aghi) and CN(0,07 ), respectively. Note that e, and h; are independent if
h; is the minimum mean square error estimation of h;. In this thesis, we consider in-
dependent e, and iAzZ and independent e,, and g;. Therefore, iAzZ and g; are distributed
as CN(0,07 — aghi) and CN(0,07 — o7 ). Note that aghi and o7~ are parameters
that indicate the quality of the channel estimation schemes.

Now, for the ith (i = 1,2,...J) relay in Phase II, it scales its received signal by
a factor §; and retransmits in the (i + 1)th time slot. We exploit the instantaneous
power scaling factor f; [2,3,9,10,15,10] that is chosen to scale the transmission power

at the ¢th relay to unity, i.e.,

B = il
C o\ Pa(al? + 02, ) + Po(|gil + 02,) + N,

: (2.3)

where P,, is the transmission power of the ith relay. Because [3; varies depending on

the instantaneous CSI, the relay using (3; defined in (2.3) is called variable gain relay.



The signals received by the two sources from the ith relay are

Yai =/ PahiBixa+ \/ PehigiBixp + hifine, + na,

(2.4)
Ypi =/ Peg:Bixs + \/ PahigiBiva + giBine, + np.,

where ny4; and np; denote the AWGN of the relay-source channels with variance Ny ;
and Np;, respectively. Then the self-interference can be cancelled as z4; = ya,; —
VPih2B;x 4 and 2p.i = ypi —V Ppd?Bizp. The self-interference cannot be completely
removed due to imperfect CSI even if the sources know their own transmitted data.
To this end, we consider the case where the cancellation of self-interference will lead
to some new interference terms.

Note that each relay needs the CSI h; and g; to form the instantaneous power
scaling factor, and each source needs the corresponding link CSI h; and g; to remove
self-interference and perform the subsequent combining and detection. In this chapter,
we assume the CSI estimates used at the relay and the sources are identical, which
can be realized as follows. Fach link CSI is estimated once at the relay by employing
pilots at the sources, e.g., estimators from [6,13]. The relay then forwards the channel
estimates to both sources. The manners as to how CSI is estimated and how it can

be forwarded are beyond the scope of this thesis.

2.2 Performance Analysis on Impact of CSI Esti-

mation Error

In this section, we will first determine the effective total SNRs at the sources. Based
on the effective SNRs, we then derive both the outage probability and average BER
under the impact of CSI estimation error. We validate our derivation with simulation

results in Sec. 2.5.
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2.2.1 End-to-End SNR for Relay Links with Estimation Er-

ror

The received signals after self-interference cancellation at two sources can be expressed

as

=/ PphigiBixp + hifing, +na; + v/ PAhzﬁil’A -V PA}AL?BixAu

tot

nA i
(2.5)
2pi = \/ PahigiBixa + g:8iny, + np; + PBQ@ Birp — PBQ?ﬂixBj

fori=1,2,...J, where nj; (k € {A, B}) is defined as the total noise on the ith relay
branch at source k with power N given in (2.7).

At the source k, MRC is performed to improve the decision statistics by jointly
combining the received signals z;; from all relays after self-interference cancellation.

By multiplying the MRC weight wy, ;, the combiner output at k£ can be written as

J J
= Z Zkﬂ‘ = Z ’LUkJ‘ZkJ, (26)
=1 =1

where
o~ YPBUGB o VPakigiB
g = ° ) Bi = T ~ttol
o ONE N

Nt = |hl 52NTZ+NA1+4PA|h|2O' 52+2P O’ 2
Nt =14 BNy, + Npi + 4Pplgil 02, B} + 2Ps0 52

We first consider the transmission from B to A. By replacing (2.2) in Z4;, the
MRC output of the ith relay link in terms of the estimated channel coefficients i{i, Jis

and the estimation errors e, e, is given by

Za;=way [\/ Pp(hi + en,)(Gi + €q) Bivp + (hi + e,) Bine, + 1, + /Pa(2hien, + €2 )Biwal ,
(2.8)

where f3;, wa;, NY§ are given by (2.3) and (2.7), respectively. The last term in (2.8)
results from the imperfect self-interference cancellation due to channel estimation

error.
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Then, (2.8) can be divided into the signal, the channel estimation error and noise

parts, which are given respectively as,

_ PeBhi gl

Aji o B> (29)
N
Pefhids 5 . VPAVPsBIG;
€A = BTotg(hiegi + Ggith; + 6hi69i)IB + - Nzit ? (thehi + €ii)l’A,
Ay Aji
(2.10)
VPsBilig;
Na: = %(ﬁihmm + ﬁiehinm + nA,i)~ (2-11)
Aji

Using the property of mutual independence among izi, Ji, €h;, €g;y My, and ng
[15,16], we can obtain the variance of the sum of (2.10) and (2.11). Thus, the effective
SNR for the ith relay link can be derived as

PyP, il g:)

eff
YA =
Ti ehi

(2.12)

where k; = PBPWU;LZ. afgz_ +2Ps P, aéhi +P, O’?hi N, —I—PAaghi NA,Z-—I—PBaggi Nai+Na;N,,.
It should be noted that both (2.10) and (2.11) comprise of two Gaussian random
variables (r.v.’s) multiplying together, which would result in total noise not being
Gaussian. However, the result of this multiplication will not have a drastic effect on
performance since it is of small value in practice where both estimation error and
noise variances are small'.

The form of (2.12) is not easily tractable. However, assuming both estimation
error and noise variances are relatively small in practical system operating range,
e.g., by transmitting a large number of pilots at medium to high SNR2, the last four
terms of k; can be ignored. Similarly, the first and second terms can also be ignored
since they are the product of two estimation error variances. Hence, x; approaches a

very small number at high SNR, and can be negligible compared to other terms in

'Low estimation error and noise variances can be realized by transmitting a number of pilots at
medium to high SNR.

2The variance of estimation error can be modeled as a deceasing function of both SNR. and the
length of training sequences K, that is, 02 = —t— [28]. So the impact of the last four terms of x;

e~ K-SNR
on (2.12) is insignificant if K > 10.

Pp|gi2(Pr,02, + Nag)+ Polhil?(Pso?, + Ny,) + Palhi|*Na + 4PaPy | hil 02, + ki
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the denominator3. Therefore, (2.12) can be simplified to

off Vi Vo,

TAi = N Pr, eh BO2, 4P, Ugh ’
Y| 1+ +’722(1+ Z)""Vsz 1+ Nag
PB|gz

-
where 74, ; 1= N and 7y, 1= # are the estimated SNRs for the link from B

(2.13)

to R; and from R; to A, respectively; and 73, := PA‘ Z‘ is the estimated SNR for the

link from A to R;. We also define 44, := % as the estimated SNR of the link
from R; to B.

By observing the definition of 45, and 43, we obtain the relationship of them as

Py Ng,;
P, er

~

’3/32 722

(2.14)

Using (2.14) to subsitute 4, for 4s,, (2.13) can be further simplified in the form of

the harmonic mean as

eff . eff
eff M1 272 K

VAi = off | ot (2.15)
AT st

where

eff S ’3/22'
Pro? ’ 2.16
(1 + ot ) (2.16)

It can be easily seen that the instantaneous effective SNRs 7 T and Vi T are independent

ol i
1,i T 2 )
1+ PB—eg + Py Nai + 4PAoehi
NT P NT Ny

and exponentially distributed with mean respectively as

PB(U; B 0-297;)
Ppo? + $ANa;+4Pac? + N,
Pri (O-le - O‘ghl. )
P, 0'2 + NA,i .

Ti €h;

E[R] =40 =
(2.17)

Elys] =55 =

Similarly, we can derive the effective SNR of the ith relay branch at source B for

3Through Monte Carlo simulations, the MSE between (2.12) and (2.13) is close to zero under all
SNR range at Ugh“ = aggv < 0.01. Therefore, this approximation can be safely used for practical

purposes.
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data transmission from A as

e ’3/37; ’3/47;
Vi = - Y (2.18)
Vai (1 t ) Y (1 L SR _N)

For the MRC in (2.6) at the source, the effective combiner output SNR is then
the sum of effective SNRs on each relay branch. Thus, the total effective SNRs at

both sources can be written mathematically as
J
Ve = Zum and v5 = 5. (2.19)
i=1

2.2.2 Outage Probability Analysis

In the AF TWRN, an outage of any two sources will cause an overall outage. We
denote the probability that the instantaneous capacity falls below certain rate for the
source k (k € {A, B}) as Pr{Cy < Ry}, where C} and Ry, are the instantaneous rate
and the target transmission rate for k, respectively. Then we can write the overall
outage probability of the AF TWRN as

P = PI{CA < RA} -+ PI"{CB < RB} — PI"{CA < R4, Cp < RB} (2.20)
~ PI{CA < RA} + PI{CB < RB} — PI"{CA < RA} PI{CB < RB}. (2.21)

where

J J
1
Pr{Cy < R} = Pr {m log, (1 + Z”yii) < Rk} = Pr {Z%‘fg < fyth,k}
i=1 i=1
(2.22)

is the outage probability at source k denoted by P%, vy x = 2(J+1) R

threshold, and the factor 1/(J 4 1) is due to the two-phase transmission in (J + 1)
time slots. Considering the dependency between C'4 and Cg [29], a tight upper bound

—1 is the outage

can be derived for Pr{C4 < R4,Cp < Rp} by using a similar approach to [29] for the
single relay case. For the multiple relay case, the derivation of Pr{Cs < R4,Cp <
Rp} is not tractable due to the sum term Y27 LA in (2.22). However, (2.21) can
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be used to approximate the system outage probability?. Moreover, the last term in
(2.20) and (2.21) can be ignored in the asymptotically high SNR region.

Due to the symmetry of the end-to-end SNRs at two sources, we determine the
closed-form expression of Pr{Cy < R}, and similar approach can be applied to
obtain Pr{Cp < Rp}. In order to find the outage probability, we need to derive the
probability density function (p.d.f.) or cumulative density function (c.d.f.) of variable
fyjﬁ = ijlyjffi. Since fyﬁfi is the harmonic mean of two exponential r.v.’s given

n (2.16), let X1; = 7§% and X,; = 75" be two independent exponential r.v.’s with
parameters 31; = 1/75% and f5; = 1/95%. By using [30, Theorem 1], the c.d.f. of 44}

is given by

PI'{’)/ < S} =1—2s4/ 61 262 i€ s(BuitB2 l)Kl (28\/ 5172'5272') , (223)

where K(+) is the first order modified Bessel function of the second kind [31]. The
function K;(-) can be approximated as Kj(z) ~ 1/x for small x [31]. Therefore, at
high SNR, we can approximate VCH. as an exponential r.v. with rate A\4; =1 /ﬁfﬁ +
1/45%. The c.d.f. of 49T, is then Peff( ) =Pr{y < s} =1—e s,

Now, 7 becomes the sum of J 1ndependent exponentlal r.v.’s 75 A,Z-. Assuming the
Aai’s to be distinct, the c.d.f. of ¥§T can be obtained to be [32]

Pr{y < 5} ~ Z ( H " Adim ) (1 — e %), (2.24)

m=1,m#i

If the A4 ; is the same, denoted by A4, then ¥ follows Gamma distribution with
scale 1/\4 and shape factor J, i.e., v ~ T'(J,1/\4), where I'(a,b) is the Gamma
distribution with shape factor a and scale b. Note that both distinct and identical
A, cases are special cases of the general form where some of A4 ;’s are the same
and others are different. These two cases are in fact portraying two extreme network
topologies in cooperative communications® which can encompass the two extreme
ends of performance under imperfect CSI with all other different A4 ; combinations

falling in between. The general case is not included here, but it is straightforward

4Through Monte Carlo simulations, the difference between (2.20) and (2.21) is shown to be small
in the whole SNR range for the multiple relay case, so the approximation in (2.21) has negligible
effect on the performance.

°The first case where A4 ;’s are different can be an example of where mobiles are used as relays
whereas the second case in which A4 ;’s are identical can be an example of where a fixed relay station
with closely grouped antennas is used to relay information.
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to extend our analysis to include the general form. For the interested readers, the
p.d.f. of ¥ with some distinct and some identical A4 ;’s can be found in [33].

Furthermore, in fading channels, the error performance is dominated by the prob-
ability of having deep fades, which in turn pertains to the behavior of the p.d.f. of
the effective SNR at A, pei(s), around zero. Therefore, by differentiating (2.24) and
using Taylor series to expand pﬁff(s), the p.d.f. of 4% can be written in the form of
P, p%zf(O)s"/n! +0(s”), the expansion of p.(s) at the origin®. That is

Pyspr(s) = i (Z ( 11 AAAim) X}jﬁ) ((_nl)%n 5" +o(s”). (2.25)

— A
n=0 \i=1 \m=1mzi &M Ayt

Since the r.v. 79 is the sum of J r.v.’s of 4%, which is the harmonic mean of §
i

(J—2) are zero, while the (J—1)" order derivative is given by [[._, (p,yi:,ﬁzf(()) + pwgg(()))
[34, Proposition 1, 2]. So we have the coefficients of s™ to be zero for n € [1,J — 2],
and the coefficient of s”~! to be [T/, (1/75% + 1/35%). Then by integrating Pyeir (),

the asymptotic outage probability at A can now be expressed as

and 75, it can be shown that the derivatives of p%e;‘ff(S) evaluated at zero up to order

J
. 1 11
Put(in,a) = Pr{7i’ < qun,a} = = - 11 (——H + ——g> Vin.a- (2.26)

i1 1 2,

2.2.3 Average BER Analysis

The average BER depends on the effective combiner output SNR of the source. Simi-
lar to the outage analysis, we will only derive the BER performance at source A. From
(2.19), the effective SNR at the combiner output for A is the sum of effective SNRs
on each relay branch from B to A. Under M-ary phase shifted keying modulation,

the BER experienced by source A can be expressed as [37]

2 /2 J
Poa=—— My i(s)do, 2.27
= ], LM (227
where s := — 2235 g .= sin®*(r/M), and M4 ;(+) is the moment generating function

(MGF) of the fading distribution contributed through the ith relay branch to source

6We write a function f(z) of x as o(z) if lim, o f(z)/x = 1, and denote f(™(0) as the nth order
derivative of f(x) evaluated at z = 0.
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A. Therefore, we need the MGF expression of 7013- which is the harmonic mean of
two exponentially distributed r.v.’s, ¥{% and 75%, with means given in (2.17).

By using the closed-form MGF expression of the harmonic mean from [36, Theo-
rem 4], the average BER in (2.27) can be derived as

o 2 /% ﬁ (Bri — B2)* + (Bri + o z)jﬁék
A rlog, M J, A2

+251,i52,i9psk In (51 i+ B+ jﬁSk + A)?
A3sin%6 43482,

(2.28)

do,

52

Where A \/ Bl i B2 z) + 2(ﬁ1 i B2 z)silfl;ke (jfl;ke) .
Eq. (2.28) can be easily calculated via numerical integration. In order to see
the effect of the system parameters more clearly, (2.28) can be approximated by an

asymptotic bound given by

sin®’ 9

Py~ 0 2.29
A wlogzM/ sin® (7 /M) H(Vu 72:) 229

by invoking the asymptotic property of [36, Theorem 4] together with the linearity
of the MGF.

The BER at source B, P, g, can be obtained similarly. Finally, the average system
BER can be described as P. = (P, 4 + P. ) /2.

2.3 Max-Min Relay Selection

Although all participating relaying as studied in Sec. 2.2 has been demonstrated to
provide spatial diversity to combat wireless fading, it is of a lower achievable rate due
to the use of orthogonal time slots in TDD mode. RS can be exploited to further
improve the spectral efficiency while maintaining the spatial diversity. The optimal

RS [12] should choose the relay minimizing the system BER as
i* = arg min{BER(+{, . ), BER (75|, 3.} (2.30)

However, the optimal RS is hard to implement and its performance is analytically
intractable. Since the system BER is typically dominated by the worse user, a subop-
timal RS [12,37] is proposed to minimize the higher BER in the pair sources, which
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is formulated as
i* = arg min max{BER(fyfﬁL,-, Gi)s BER(’V%%VL,’, Gi)}- (2.31)

The suboptimal RS in (2.31) can be further equivalently formulated in terms of the

instantaneous effective received SNRs at sources as
o . eff eff
i = argmaxmin[y;, Vg, (2.32)

which is referred to as maximum minimum RS (Maz-Min RS). The Mazx-Min RS
chooses the “best relay” as one that maximizes the minimum of the two instanta-
neous effective SNRs for the pair sources, which coincides with the best-worse-channel
selection [11,37]. Equivalently, the Maz-Min RS minimizes the maximum error prob-
ability of two-way communication through the selected best-relay link rather than
the average BER of the two sources. Comparing to other RS schemes, Max-Min RS
not only achieves full diversity but is also easier to implement and achieves nearly
the same BER performance as other RS schemes [11]. In this section, we examine
the effect of imperfect CSI under the Maz-Min single RS scheme to improve the rate

performance.

2.3.1 Outage Probability Analysis for Max-Min RS

First, we determine the outage probability under the Maz-Min RS when the channel
estimation error exists. Since either 74, < 224 — 1 or 7§, < 227 — 1 will cause
a system outage, under the assumption that R4 = Rp the overall system outage
probability with this Maz-Min RS scheme is

P = Pr{min [yffi*,yg;*} <y}

= H Pr {min [’Yfp ”Y)CB{?J < i }

=1

- (2.33)
H Pr{fyAz < Vths} +Pr{7Bz < fyt }
1=1
Pr{yis < Yin Vs <Y 1)
where 7/iS = 22R4 — 1 is the outage threshold, and Pr{~{ < 7/i%} = 1 — e i for

k€ {A, B}, and Pr {75 < 7% 1& < i} is derived in Appendix A.
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In the high SNR regime, we can approximate P19 as Hz L (Pr {VAZ <Y +
Pr {yi, <~f%}). Moreover, based on the fact that limy_o(1 —e ") = X, the

asymptotic outage probability can be derived as

<

Py~ H (1/A55 + 1/355) v + (1/355 + 1/755) i) - (2.34)

2.3.2 Average BER Analysis for Maxz-Min RS

Define P/%¥ = max{P, (4}, Pe{p,}} as the higher BER of the two-way communica-
tion sources, where P, 1+ (k € {A, B}) is the BER at source k& when relay i* is the
best relay selected. Note that Pff is an upper bound of the exact average system
BER given by P = (P, 4 + P.ypi)/2. Under the Maz-Min RS, the upper
bound PRS is minimized. In this subsection we derive the average BER upper bound
expression for tractable analysis.

Conditioned on the instantaneous received SNR, the BER of a linear modulation
format under AWGN can be approximated as Q(\/cyr) [38], where Q(-) is Gaussian-
Q function, Q(z) = W [ e~ t/2dt, ¢ is a constant determined by the modulation
format, e.g., ¢ = 1 for quadrature c shifted keying (QPSK) constellation, and yr
represents the received SNR per symbol.

For the Maz-Min RS, let vz denote the worse received SNR of the pair sources
communicating through the selected best—relay link, formulated as yg = max min[vjﬁi, yerfi]
where ¢ = 1,---,J. Since both ~§’ T and VB, ff. follow exponential dlstrlbutlon with the
rate Aa; = 1/7 + 1/75% and )\BZ = 1/7 + 1/75%, the c.d.f. of 4z can be easily
derived from (2.33)

J
Pr{yg < s}~ [J(1 - e"OaitAnas), (2.35)

i=1

Furthermore, under independent and identically distributed (i.i.d.) channel scenario
for both sides of relays, Ay ; is the same for ¢ = 1,---,.J, and hence denoted by Ay,
where k € {A, B}. Thus,

Pr{yg < s} ~ (1 — e~ Qatdn)s)J, (2.36)

By introducing a new r.v. with standard Normal distribution X ~ N(0,1), the
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average system BER upper bound can be rewritten as [39]

RS X2 X2
P =Pr{X > /eyr} =Priyr < (= E|F,,|—

_ /OOO F, <X;) fx(2)de. C

By substituting (2.36) into (2.37) and using Binomial theorem to expand (2.36)
and the fact that [;° e~ dx = /7 /2q [10], we obtain

(2.37)

o 1
pRS _ / 1 — e~ Qatrp)a?feys _~
“ o ( ) V21

S (o (M)

In the high SNR regime, we can also exploit the fact that limy_o(1 —e™%) = X
to approximately calculate (2.35) as [[7_,((Aa; + Ap.)s). Recalling (2.37) and X ~
N (0, 1), the asymptotic average BER upper bound can be written as

e 2y

(2.38)

J
o 1 2
Pesz/ M + A2 /e) ——e * 2dx
S ) (CRRSWRRV RS

2T = DN (At A
_fn )

1=1

(2.39)

where the last equation is based on the fact that [ g2k dp = (3?2;;23! VE [40].

2.4 Performance Enhancement by Adaptive Power

Allocation

In this section, we show how performance degradation due to imperfect CSI can
be mitigated by adaptive PA. We consider both cases of PA by minimizing either
the outage probability or the average BER subject to both the total and individual
power constraints. However, the minimization problems are not easy to solve due to
the nonconvexity of the expressions in (2.24), (2.28), (2.33), and (2.38). In order to
make the PA problem more tractable, we instead design the PA scheme by minimizing

the asymptotic outage or BER expressions and use GP to address this.
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2.4.1 Geometric programming

Geometric programming is a class of nonlinear, nonconvex optimization problem
which can provide a global solution since it can be turned into a convex optimiza-
tion problem [21-20]. In its standard form GP involves minimization of a mono-
mial /posynomial” function subject to (s.t.) posynomial upper bound inequality and
monomial equality constraints. The transformation to its conver form can be done
with a logarithmic change of variables®. Then, recognizing that in its convezr form
GP is indeed convex since log-sum-exp function is convex [24,25], GP can be readily
solved by convex optimization technique [241]. For a greater in-depth look into the
GP problems and its use in power control and communications problems please refer
to [24-20].

2.4.2 Adaptive PA for Multiple Relays

By observing the asymptotic expressions of (2.26) and (2.29), we notice that both
ft

terms contain the form of 1/ ”_yfg + 1/75;, which is a generalized posynomial in terms

of P4, Py, and P,,. Similar observation can be made to PZ,

(vtn.5) and P, p which
all contain the term 1 /%‘ff- +1/ f‘yjﬁ that is again a posynomial in terms of P, Ppg,
and P,,. Then by introducing the auxiliary variables (t4,,t5), and recognizing that
posynomials are closed under addition, multiplication and positive scaling [24], the PA
problem based on minimizing the asymptotic P,,; approximated as P,,, = P2, + P52,
or the average BER P, = (P. 4 + P.)/2, subject to total and individual power

"From [24-26], a function is called monomial when it is defined as f(x) = d:v‘f(l)xg(2) . --xfl(n),

where d > 0, and a¥) € R,j = 1,2,...,n. On the other hand, a sum of monomials is called a
@ (n)
posynomial and is given as f(x) = Zszl dkxtllk :v;’“ coexpk  where di, > 0, k = 1,...,K, and
a,(j) eR, j=1,...,n, k =1,2,..., K. Monomials are closed under multiplication and division;
whereas, posynomials are closed under addition, multiplication and positive scaling [24], e.g., division
of a posynomial by monomial is also a posynomial.
8From [24-20], a log transformation of variables to a posynomial f(x) can be realized by sub-

stituting x; = e¥ and dp = e’ into the expression and after some manipulations to obtain
p(y) = log Zszl exp(by + al'y), where aj, = [a,(cl), .. .,a,(c")]T, y = [y1,---,yn]T, and (-)T denotes

the transpose operation. The function p(y) is now affine and is convex. Similar transformation can
be applied to the objective function and its corresponding constraints. For more information please
refer to [24-20].
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constraints, can be formulated as

J J
P (Htf‘“ T HtB,z) :

s.t. (1/7 +1/75 )KA<tAZ, (1/7 + 1/ )KB<1jB27

J (2.40)
Pi+Pp+ Y P, < Py,

=1
0< Py <P 0<Pp< P 0< P, <P i=1..,1]
tAJ;ZO,tBJzO, 'izl,...,J,

where Py and PYAX, PAIAX - pMAX

are upper bounds on system power and individual
powers, and K, (k € {A, B}) is a constant and equal to 7}, for outage probability
or 1 for average BER. The optimization problem of (2.40) is a GP problem with
optimization variables of P4, Pg, P,,, ta;, and tp, in standard form, i.e., minimizing
a posynomial objective function s.t. posynomial upper bound inequality, that can be
transformed into its convezr form [24-26] by a log transformation of variables, which

can then be solved efficiently with convex optimization algorithm such as the CVX [27].

2.4.3 Adaptive PA for Max-Min RS

Similarly, based on the asymptotic expressions of (2.34) and (2.39), we can formulate
the adaptive PA problem for Max-Min RS as the following GP problem in standard

form

min t i +t i)
{PA7PB7PR} H ( A B )

st (1/350 4+ 1/755) Ka < tas, (1/755 + 1/7550) K < tg,
Py + P+ Pr < Py,
0< Py < PY™,0< Py < P00 < Pr < PR,
ta; >0,tp; >0, i=1,...,J

(2.41)

The constant K}, (k € {A, B}) is equal to v*¥ for outage probability or 1/c for average
BER. Once again (2.41) is GP in standard form that can be log transformed into the
conver form and be solved efficiently by CVX.
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2.5 Numerical Results and Discussion

This section provides numerical results to confirm the correctness of our theoretical
analysis. We consider an uncoded QPSK system with either symmetric and asymmet-
ric channels. With symmetric channels, the channels in between sources and relays
are modeled as i.i.d. with an equal variance of 10, i.e., 0,2” = a; = 10. In asymmetric
channels case, the channels are only i.i.d. from one source to the relays while being
distinct in between both sources to the relays and we let o7 = 10 and o7, = 1. In

our simulations, we assume that the error variances are identical across all links, i.e.,

o2, = 0. = o2 Moreover, two different models for channel estimation error are
3 K3

used: 1) o2 is independent of the transmitted SNR, and 2) o2 is a decreasing function

of both SNR and the length of training sequences K, formulated as 02 = 2 [25].

We further assume that the noise components are i.i.d. with common variance, i.e.,

N,, = Na,; = Np,; = 1, and the target transmission rates are R4 = Rp = 1 bit per
second per Hz. The results shown are averaged over 1,000 independent trials.

When employing multiple relays, we compare the outage and BER analytical
expressions against simulation for both symmetric and asymmetric channels cases
in Figs. 2.2 through 2.5. The o2 is assumed to take values of 0.01 and 0.001 in
Figs. 2.2 to 2.4, and be a deceasing function of the transmitted SNR in Fig. 2.5. The
result of these simulations show that our analysis matches well with the simulation
results and adaptive PA significantly outperforms that of equal PA in asymmetric
channels case. We would like to note that Fig. 2.2 includes both outage and BER
and contains only the equal PA results since the performance gain from adaptive
PA is limited due to the symmetry of the channels. We also plot the performances
with perfect CSI, and observe that the imperfect CSI brings forth irreducible error
floor at high SNR as illustrated in Figs. 2.2 through 2.4, when o2 is modeled as a
constant. As shown in Fig. 2.5, when o2 is modeled as SNR and K dependent, i.e.,

2 1

0. = zsxm» We observe both the outage and BER performance with and without

the channel estimation error are deceasing as a function of the transmitted SNR but

preserving a gap, irrespective of the SNR. This performance gap results from the
SNR loss due to the estimation error. The observation of the irreducible error floor
in Figs. 2.2 through 2.4 and preserved performance gap in Fig. 2.5 agrees with the
previous results in OWRN [15, 16].

In Figs. 2.6 and 2.7, we plot outage probability and average BER for different

number of relays with a fixed o2 of 0.001. It is not surprising to observe that using
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Figure 2.2: Outage Probability and average BER of AF TWRN with two relays using
QPSK modulation. The channels of two relay links are symmetric with variance of
10. Only equal PA is considered.
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Figure 2.3: Outage probability of AF TWRN with two relays. The channels of both
sides of the relays are i.i.d. with variances of 10 between A and R; and 1 between B
and Rz
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Figure 2.4: Average BER of AF TWRN with two relays using QPSK modulation.

The channels of both sides of the relays are i.i.d. with variances of 10 between A and
R; and 1 between B and R;.
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Figure 2.5: Outage Probability and average BER of AF TWRN with two relays using
QPSK modulation. The channels of both sides of the relays are i.i.d. with variances

of 10 between A and R; and 1 between B and R;, and o2 = m with K = 10.
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more relays achieves a better performance, especially for medium SNRs in which
adding more relays can provide a steeper decaying slope. However, these performance
gains diminish due to the irreducible error floor from CSI error, which ultimately
results in a zero diversity order at high SNR. However, when the channel estimation
error is modeled as a decreasing function of the transmitted SNR, then the system
achieves the same diversity order as in the perfect CSI as illustrated in Fig. 2.5.

Figs. 2.8 and 2.9 illustrate the system outage probability and BER performance
of Maz-Min RS under both adaptive and equal PA schemes for o2 of 0.01, and 0.001.
By comparing with that of perfect CSI, we observe similarity to the multiple relay
case, namely the irreducible error floor at high SNR. However, comparing between
Figs. 2.3 and 2.8, under perfect CSI we observe that adaptive PA achieves 1 dB gain
over equal PA with multiple relays while 3 dB gain with Maz-Min RS at an outage
probability of 1073, Similar trend in performance can also be observed for the BER.
It should be noted that a small gap between the theoretical results and simulations
can be observed in Fig. 2.9. However, the theoretical analysis indicates the general
trends in average BER which are consistent with the simulations.

Finally, the processing time for the CVX algorithm is shown in Table 2.1. It takes
seconds to implement PA for a two-relay network, and about 10 seconds for a 8-relay
network. The efficiency of solving GP has also been studied in [24], indicating that
the standard interior-point algorithms can solve a GP with 1,000 variables and 10,000
constraints in under a minute, on a small desktop computer. Note that the power
allocation algorithm is based on average channel statistics (not the instantaneous
channel realization) which does not change quickly with time. So the deployment of
the CVX algorithm to implement PA as a GP problem is feasible in practical scenarios

to enhance the system performance.

Table 2.1: Average processing time for the CVX algorithm based on 2.4 GHz Intel Core
2 Duo processor. The channels of both sides of the relays are i.i.d. with variances of
10 between A and R; and 1 between B and R;, and % = 0.001.
# of Relays 2 4 8
Average Time (sec.) | 3.7637 | 5.7631 | 10.1362
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Figure 2.6: Outage Probability of AF TWRN with multiple relays. The channels of
both sides of the relays are i.i.d. with variances of 10 between A and R; and 1 between
B and R;, and o = 0.001.
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2.6 Conclusions

In this chapter we have provided both the outage probability and BER analysis of
multi-relay bidirectional AF protocol in the presence of channel estimation error. We
have derived both outage probability and BER bounds which prove to be tight at high
SNR. Based on the derived performance bounds, we have performed PA among all
the nodes in the network that minimizes both outage probability and BER bounds
with imperfect CSI. Single relay selection has also been taken into consideration
to improve the system performance, and its degradation due to imperfect CSI has
been examined. We have shown that the adaptive PA by GP provides substantial

performance enhancement as compared to the equal PA scheme.
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Chapter 3

Robust MIMO Relay Design for
Two-Way MIMO Relaying with
Imperfect CSI

In this chapter, we introduce the MIMO relay into the AF TWRN, and consider
a system consisting of a pair of communicating single-antenna sources and a single
multi-antenna relay under imperfect CSI condition. It is assumed that the MIMO re-
lay has obtained channel estimates of both backward and forward channels to perform
the robust precoder design, and the source has the knowledge of an estimate of its own
channels so that it can perform self-interference cancellation. We take into account
both the imperfect self-interference cancellation and imperfect data detection due to
the CSI estimation error. To simplify the analysis and design, we further assume that
the powers of CSI estimation error with exponent larger than 1 are negligible because
in reality the CSI estimation error is usually small. Based upon all these assump-
tions, we propose a robust design of the AF MIMO relay precoder for the TWRN
with imperfect CSI at both sources and relay. By using the worst-case approach [41],
the transmit power at the relay is minimized while fulfilling the SNR constraints at
both sources. This approach is widely used in robust MIMO relay designs for down-
link broadcast channel [12,413] single-user or multiuser MIMO system [14,45], and
one-way MIMO relaying system [21-23]. The design optimization problem turns out
to be nonconvex. However, we utilize the SDR technique to reformulate this robust
MIMO relay design problem as a convex optimization problem with second-order

cone (SOC) program and semidefinite cone constraints, solved efficiently by means of
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well established convex programming technique. Since the feasible set of the natural
optimization problem is a subset of that of SDR-based problem, the randomization
procedure is then applied to obtain an approximate solution of the original program.
To this end, the SDR-based approximation method successfully derives the precoder
matrix of the MIMO relay by minimizing the relay power and meanwhile maintaining
the SNR at both sources above a threshold value in the worst-case sense.

The remainder of the chapter is organized as follows. Sec. 3.1 introduces the
system model under consideration. Sec. 3.2 presents the channel uncertainty model
as well as the optimization formulation with imperfect CSI. The robust design of the
MIMO relay in the presence of channel estimation error is proposed in Sec. 3.3, and
the semidefinite relaxation as well as the randomization technique are exploited to
solve the optimal MIMO relay precoder. Numerical results are given in Sec. 3.4, and
Sec. 3.5 concludes this chapter.

Notation: Boldface uppercase/lowercase letters denote matrices/vectors. The su-
perscripts (-)7 and (-)? denote transpose and Hermitian transpose. tr(-), vec(-), |-,
and rank(-) denote the trace, the vectorization, the Euclidean norm, and the rank
operators, respectively. ®, @, R{}, and Z{} denote Kronecker product, elementwise
product, the real part and the imaginary part, respectively. By X = 0 we denote
that X is a Hermitian positive-semidefinite matrix. Finally, I, 1,5y, and CV*¥ de-
note the N x N identity matrix, the all-ones column vector, and the space of N x N

matrices with complex entries, respectively.

3.1 System Model

We consider a two-way AF relay-assisted system consisting of two sources A and B
exchanging information with the help of a single relay with multiple antennas. As
shown in Fig. 3.1, each source is equipped with a single antenna while the relay
has N antennas, but all are operated under half-duplex mode so that they cannot
transmit and receive at the same time. There is no direct link between A and B.
We assume that the TWRN is a TDD system, which means both the uplink and
downlink channels occupy the same frequency slot, but are differentiated in a time

duplex manner in information exchange.
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Figure 3.1: System model for AF two-way MIMO relay network.

3.1.1 Data Model

In the ANC-based system herein, we consider a two-phase cooperative strategy where
the first phase involves the pair of sources transmitting simultaneously. At the MIMO
relay, the received sum signal is linearly processed and then broadcasted in the second
phase. Since TDD is assumed, the signal received at the relay station in the first time

slot is
rr =hxy + grg + ng, (3.1)

where x4 and xp denote the transmitted signals with unit average energy, i.e.,
E[|z4|?] = 1 and E[|xz|?] = 1, and the unit transmit power is assumed at both sources
A and B. Variables h = [hy,...,hy]T and g = [g1,...,gn]T are discrete baseband
equivalent channel coefficient vectors for both sides of the link to the MIMO relay,

as indicated in Fig. 3.1. Vector ng = [nl}), ... 0T

is circularly symmetric AWGN
at the relay antennas. Each entry of ng is independent and modeled as CGRV with
zero-mean and the same variance Ny, i.e., ng ~ CN (0, NgIy).

We assume that both uplink (from source to relay) and downlink (from relay to
source) CSI are available at the relay station to serve the precoder design. The relay
can employ the pilots from both sources to estimate the uplink channels, and use

them as estimates in the downlink due to the channel reciprocity principle. In the
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second time slot, the relay linearly processes the received signal by multiplying it with

the precoder matrix W, and then forwards the following signal to the sources,
SR:W'I'R. (32)
Note that the transmit power at the MIMO relay can be derived from (3.2) as

PR =1tr (E[Sng])

3.3
= tr (W (hh"” + gg” + Nply) W), (3:3)

where Elx 2] =1 (k € {A, B}), and E[ngn#] = NzIy. The signals received by the

two sources in scalar form are

ya=h'sgp+ns=h"Wgrp+ h"Whz, +h"Wnpg + ny, (3.4a)
Signz;I, Part Self-interference Noise Part
=g’ =g"Wh W W 3.4b
Yp =8 Sp+np=g Ta+ g Wgrp +g Wng+npg, (3.4b)
N g N ~~ - ~~ -
Signal Part Self-interference Noise Part

where n4 and np denote the AWGN with variance N4 and N, respectively. Let h
and g denote the channel estimates. We assume the relay forwards CSI estimates as
well as the precoder matrix W to the sources through the feedback channels. The
quantization error as well as the error in the feedback channels is not considered in
this chapter. So the CSI estimates used for the source-relay reciprocal channels are
identical, and the sources have a copy of W for the further process of the received
signal. Then the self-interference can be cancelled as z4 = y4 — h"Wha 4 and zg =
yp — 8T Wgxp. If perfect channel condition is assumed, the self-interference can be
totally removed since the sources know their own transmitted data. For the imperfect
CSI case, however, the self-interference cannot be completely subtracted due to the
fact that the channel estimates are not always equal to the actual channel in practice.
To this end, we consider the case where the imperfect self-interference cancellation
will lead to residual self-interference, although it is shown later in this chapter that
the residual self-interference can be ignored based upon some assumption.

For the convenience of future analysis, define Hpy, = [g h]T and Hyy = [h g,
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and we can represent both (3.4a) and (3.4b) in an equivalent matrix form as

y:HDLWHULX‘I‘HDLWHR‘I‘n (35)

where y = [yp ya|?, x = [14 5|7, and n = [ng n4l’.

3.1.2 Problem Formulation under Perfect CSI

The design of MIMO relay precoder is based upon providing the QoS assurance for
both sources. The QoS is usually measured in terms of SNR, which determines the
maximum achievable data rate and essentially determines the BER. There are two
design criteria widely considered in the literature [16,17] — QoS and max-min fair
(MMF). The QoS-guaranteed design is to minimize the transmit power at the relay
station while providing a guaranteed minimum received SNR to both sources, while
MMF design problem is to maximize the minimum received SNR of two sources
subject to a bound on the transmitted power at the MIMO relay. Both have been
proved NP-hard [16,17]. For the single-group multicast problem which is essentially
involved in the second time slot of MIMO relay broadcasting the linear processed
received signal, it has been theoretically shown that the two design formulations
of QoS-guaranteed and MMF are algorithmically equivalent [17], i.e., an optimal
algorithm that provides the exact solution to one could be used to obtain the exact
solution to the other. In this thesis, we resort to the QoS-guaranteed method to
design the MIMO relay.

In this subsection, we will present a quick review of the optimal MIMO relay
structure in the perfect CSI case. The SNR at the source is derived, and then the
power minimization problem under SNR constraints is formulated. Similar work has
been done in [17], and an efficient algorithm is also provided to compute the optimal
precoder matrix. But the design in [17] is based on the ideal situation where perfect
CSI is available, which we will refer to as the nonrobust method in the following
chapter. The nonrobust precoder structure will provide us a baseline for our robust
design, and some comparison will be given in Sec. 3.4. In this chapter, we only
mathematically analyze the transmission from B to A, and similar method can be
applied to that from A to B.

First, the following operation is defined to convert a column vector f = [fy, ..., fy]?
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with N entries to two new row vectors f’l and f'g with N? entries each as

fi =7 (In @ Lixn) yone SE D= [fi-- fr -+ - ful,

- (3.6)
£, =17 (Ligy @ In) o e 2Dy =[fi---fx - fr- fa]
So the received signal at source A in (3.4a) can be rewritten as
ya= (8 © B2)WLIB + (fll © flz)WLfA + (g1 © flz)WL +na, (3.7)

where h; = h”D;, hy = h”D,, g1 = g'Dy, gy = ngDy, and w; = vec(W). Note
that the vec(W) operation stacks the columns of W each by each, and finally converts
the matrix W to a column vector as [wy; way -+~ w1 -+ Win Wap -+ -wNN]T. After

cancelling the self-interference, the signal at source A becomes

ZA = YA — flTWfll’A

= Egl ® fl2)wL$Bl+£ﬁR,l ® B2)WL + né+ ((fll ® flg) — (fll ® flg)) WLTA .

Signal})rart rA Noise ‘p,art tn Intcrforcr:go part £, g
(3.8)
The received SNR at source A after self-interference cancellation is obtained as
e S N\H .
wr (gl © h2> <g1 © h2> WL oy (3.9)

A= T ~ sa

where
ty =wh (NT ® (flfo)) wy + afm,and
~ ~\NH /. - 2 2 \NH /2 2
ts = Wf (hl ® hg) (hl ® hg) Wi, + Wf (hl ® hg) (hl ® hg) Wi, (310)
~ ~\NH /2 2 2 2 \NH /. ~
- Wg <h1 O] hz) <h1 O] hz) W — Wg <h1 O] hz) <h1 O] hz) Wp.
Note that N” = E[(ng)"hg,] € CV*N* which can also be expressed as N” =
Nr(Iny ® 1yxn). Since the perfect channel is assumed, the self-interference can be

completely removed and therefore ¢4 in (3.10) is equal to zero.

Also, by using the identical transformation as shown in (3.12) the transmit power
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in (3.3) can be further rewritten in terms of w, and Hy as

Pr =tr (W'W (Hy Hf, + 02, 1y))

Yt (W (Hy HY, + 02, Ty) W)

D vec (W) vee (W (Hy HY, + 02, 1x)) (3.11)

(©

= vee (W)X <(HULH + 0?2 IN) ®IN>V6C(W)

2 wiCwy,
where the identical transformation in each step are provided as

(a) tr(AB)= (BA)
(b) tr(A"B) = vec( "vec (B), (3.12)
(c) vec(AB)= (B"® I) vec (A).

Now, the optimal precoder design with the actual channel knowledge at the relay
can be formulated as the optimization problem with the objective of minimizing the
transmit power at the relay and constraints of satisfying the prescribed SNR threshold

value at both sources, i.e.,

Prrob - min Py
WL (3.13)
st vk > v, k € {A, B}.

It should be noted that P™ is not always feasible especially when the target SNR
value is set too high [16,48].

Back to the main concern of this chapter, it’s too optimistic to assume the precise
knowledge of CSI at the relay, and estimation errors should be taken into account
to guarantee the robustness of MIMO relay design. Hence, the channel uncertainty
ought to be incorporated to both objective and constrains in (3.13), and modeling
the channel uncertainty along with the problem of designing the robust MIMO relay

is investigated in the following two sections.
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3.2 Channel Uncertainty Model

In the aforementioned system, the CSI is estimated once at the MIMO relay, and
then forwarded to both sources through the feedback channels. We assume that the
feedback channel is error-free and has low delay, and that the quantization of the
channel estimates at the relay is perfect. So AWGN is the main source of CSI error,
which is referred to as channel uncertainty in the following part of this chapter. It
should be noted that different from one-way relaying where the downlink CSI is fed
back from the destination to the MIMO relay [21-23], the MIMO relay here uses the
uplink CSI estimates as that of downlink to design the precoder since the uplink and
downlink is reciprocal to each other.

Let the estimates of the channel coefficients for both links to the MIMO relay be
h = [izl, . ..,izN]T and g = [g1,...,gn]T. We assume that both entry pairs h;, hi
and g¢;, g; can be modeled as jointly ergodic and stationary Gaussian processes. The

relations between the actual channels and the estimated channels are given by

h:f1+eh,andg:g+eg, (3.14)
where the channel estimation errors are ej, = [eg) 622) e eELN)]T and e, = el e .

We consider the entries of e, and e, are i.i.d. following the distribution of CA/(0, 07, )
and CN(0,0?)), respectively.

We further assume that both e, and e, are norm-bounded as
len]] < 6p,and [leg|| <4, (3.15)

where |[|-|| denotes the Euclidean norm of a vector. Equivalently, the uncertainty

region for each channel can be specified as [11]

Rn = {C[C=h+ey|en] <o},

) (3.16)
and Ry ={C[(=8+ey, el <d,}.

The relation between error variance and upper bound of the norm is also discussed

in [44]. A more definite mathematical method is provided in [21] to determine d(d,)

2

from oF,
2
o;, as an example.

(02,) by means of numerical search, which will be summarized with 0, and

Let T be a r.v. following the chi-square distribution with N degrees of freedom,



37

and its p.d.f. is given by [19]

1
£ N = N/2-1,—v/2
Define ||e,||* = o2 T, then the outage probability of the received SNR is shown equal
to 1 —Pr{o? T < 0x} [11]. Pr{o? T < 05} is some predefined bounding probability
and given by

Suloe
Pr{c> T < 87} = / " fr(t, N)dt
0 (3.18)

o N &
TT(V2) '\ 27202 )

where I'(-) and 7(-) are the complete and lower complete Gamma functions, respec-
tively. So given the predefined outage probability and estimation error variance, the
upper bound of the norm of the channel uncertainty can be numerically determined.

Generally speaking, the channel estimation error is much smaller compared to the
actual channel, so it is reasonable to not take the second-order terms of e, and e, and
their cross-product into account. By applying the operation in (3.6) to the channel
estimates vectors, h and g, as well as the estimation error vectors, e, and e,, we can

obtain
h; =h; +&,;,and g = g; + &, (j =1,2). (3.19)

Then we substitute (3.19) into (3.9), the received SNR at source A under imper-

fect channel condition 7% in terms of channel estimates and estimation errors can

be determined. After ignoring the second-order terms and cross-product of channel

estimation errors, both the numerator and denominator of 77" are given by

. . H
e & tr (WLWfaHa) + tr (WLWf (aH <§1 © éh,z) + (gl © éh,2) a))

2 2 H
+ tr (WLWf (aH <h2 ® ég,1> + (hz ©) ég,1> ) a) )

(3.20a)
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Serb — t;Ob + thb — t;Ob
~ tr (wwa (N’“ ® (ﬁf ﬁz))) + tr (wwa (N?” ® (ﬁf éhz))) (3.20D)

or (st (N (efaha))),

respectively, where a = g; ® hy and t°> = (0. Note that though the imperfect
self-interference is considered in our initial motivation, the introduced interference

resulting from imperfect self-interference cancellation turns out insignificant and neg-
ligible!.

It can be easily shown that the following relations hold true:

wiwl (xOy) (x© z)H =z ((XX)T ® WLWf) Yy, (3.21a)

tr (WLWf ((xHy) ©Z) =y (ZT ® WLWf) xH. (3.21Db)

where x,y,z € ClxN?7 and Z € CN?xN?, By using (3.21a) and (3.21b), and noting
that R {wlZw;} = R{wlZ"w;} and Z{wiZw,} = —Z{wlZ"w,}, r’¢® and

" can be simplified to

A T 2
i~ tr (wowiaa) + 2R {éh,g <(gfg1) ® WLW£{> hf}

2 a2 \T N
n 2R{ég,1 <<h§h2> ® wwa) g{f},

(3.22a)

s’:fb ~ tr (wwa (NT ® (ﬁfﬁg))) + 2R {éh,2 ((N’")T ® Wwa) le} + 0721,4'
(3.22b)

For the transmit power at the MIMO relay, the channel uncertainty should also

'In the simulations, the actual received SNR at the sources is calculated including the second-
order terms of estimation errors and their cross-product.
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be included by incorporating Ey 7, = [e), €4] into (3.11) as

P}r%"b = WfCWL + tr (W (EULﬂgL + ﬂULEgL) WH)
~wlCw, + 2R { (fll ® vec (WHW)T> &y + (§1 ® vec (WHW)T) éﬁ&} ,
(3.23)

~ A ~ T
where C = ((HULHIJL + U?LRIN) ® IN)

3.3 Proposed Robust MIMO Relay Design

Typically, robust techniques employ stochastic or worst-case approaches depending
upon different CSI error models [11]. The statistics of the CSI error are known under
the stochastic philosophy, while the channel error is specified in some uncertainty
region in the worst-case method. Since the CSI errors are assumed to be inside the
sets of Ry, and R, in (3.17), the worst-case approach is exploited in this section to

design the robust MIMO relay precoder by optimizing the worst-case performance.

3.3.1 Problem Formulation with Imperfect CSI

The objective of the proposed robust MIMO relay design is to minimize the worst-
case transmit power while fulfilling the worst-case SNR constraints at both sources.
The so-called worst-case is based upon the largest possible errors e;, and e, which are
norm-bounded by d;, and d,, respectively. Hence, the worst-case SNR for each source
is the minimum SNR above the predetermined threshold to guarantee the QoS in the
presence of largest possible errors. Similarly, the worst-case transmit power is also
defined for the largest possible CSI esitmation errors as the maximum power that the
MIMO relay needs to forward the linearly processed signal.

Let Pg° denote the worst-case transmit power whereas v4¢ denote the worst-case
SNR at source A. So Py¢ can be mathematically expressed as

Py°=  max  Pp” (3.24)

llenl|<dn,lleqlI<dg
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where PP is given by (3.23), and v4¢ can be written as

wce : rob

= min :
T4 enl<tulieslis, (3:25)
Then we modify both the objective of transmit power as well as the QoS conditions
in (3.13) by replacing both with the worst-case transmit power of (3.24) and the
worst-case received SNR of (3.25) to incorporate the robustness against unknown but
norm-bounded channel estimation errors. The so-called robust design of MIMO relay

precoder under the worst-case philosophy becomes

P . min max P}"%Ob
WL [len|[<dn,lleql|<dq

min yffb > v, k € {A, B}.

. 1
llenl|<n,lleqlI<dg

(3.26)
S.t

Note that the objective turns out to minimize the maximum MIMO relay transmit
power with respect to the largest possible CSI errors.

Unfortunately, the numerator and denominator of 47, i.e., (3.22a) and (3.22b)
are not independent, which complicates further solving (3.26) to obtain any tractable
design. So we strengthen the worst-case QoS constraints by replacing the worst-case

received SNR of (3.25) with its lower bound A%¢ as [50]

: rob
we Mgy, || <6p,lleq[| <8 T"A
YA =

lI>

e, (3.27)

rob
mMaX|e,||<s, SA

To this end, the proposed optimization problem can be rewritten as

P : min Pp*
I (3.28)
st. ¢ > v, k€ {A, B},

where the worst-case SNR is substituted by its lower bound ;.

Moreover, considering the numerator of 43¢ in (3.27), it’s a minimization problem
with the estimation errors bounded by their Euclidean norms. Referring to (3.22a),
since €, and &, are defined from (3.6) and equal to e} Dy and eZDl respectively,

we can apply Cauchy-Schwarz inequality to the last two terms of 77 and determine
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the minimum as

o = tr (WLWfaHa) — 20,

nra \ T 2
Dz((gf’gl) @wwa) by’

2 2 \T A
Dl((hgfhz) @wLwﬁ) &'

min
llen |<dn;lleqglI<dg

(3.29)
— 26,

Similarly, the maximization problem of the denominator in (3.27) can also be solved
by replacing €y, with e/ Dy and then applying Cauchy-Schwarz inequality to the
second term. However, the solution is positive for maximization whereas negative for
minimization. So we get

max s = tr (WLWf (N’" ©) <fl£{l~12)>>

”ehllg(sh

; (3.30)
+ 20y, HD2 ((NT)T ©) WLWf> th +o2..

Applying (3.29) and (3.30) to (3.27), the robust SNR constraint at source A in (3.28)
can be given in tractable form. For the problem of maximizing the robust transmit
power at the MIMO relay Pr® as given in (3.24), the worst-case transmit power can
be derived as

P® = wiCwy, + 26, HDz (fu © vee (WW)") H

max
llenl<dn,lleqlI<dq

+26,

D, (él ® vec (WHW)T> H
£ wawL + 25, HHAvec (WLWf) H + 20, HHBVGC (WLWf) H )

(3.31)

where Hy,Hp € ¢V " can be constructed by using the pseudocode presented in
Table 3.1.
The same approach can be applied to the transmission from A to B to derive the

robust SNR constraint at source B. Finally, the proposed optimization problem in
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Table 3.1: Pesudocode for constructing H4 and Hp.

Step 1: Initialization: [ = 0, H4 = Hp = zeros(N?, N*).
Step 2: For j=1:N
Step 3: Fori=1:N
Step 4: =1+ 1;

p=[i—1)N*+(j—1)N+1:N*+1:iN3+ jNJ;

H,(l,p) = (1), Hp(l,p) = &i(1)
Step 5:  End Step 3.
Step 6: End Step 2.
Step 7: H, = Do.H,, Hy = DoHp, where Dy = 1,y ® Iy as provided in (3.6).

(3.28) can be specified as
P : minwi Cwy, + 26, |[Havec (wywi') || + 20, | Hpvec (wyw}') |
st. tr (wowll (aa— (N7 © (k) ) ))
> 26, |ID ((é é) @WLWL)hH + 20, Dl((ﬁfﬁQ)TcawLwL)gl
4 290n HD ( @wLwL)fl 2.
(vt (0 0 (85))
D, ((ﬁfﬁl) o wLwL> gy D, <(§§é2>T ® wwa> b

(N @ wowf!) &l + v,

>

> 259 + 203,

where a = §1®f12 and b:fll @ég.

3.3.2 Semidefinite Relaxation based Approximation

By observing the optimization problem of (3.32), both the objective and constraints
consist of the second-order terms of w;, inside the norms and accordingly are non-
convex. However, after some tricky manipulation step by step, this problem can be
solved, and an approximate solution to P can be obtained. We refer to this approach
as the two-stage SDR-based approximation [16].

Define W = wywi € CMMxMM then W > 0 and rank(W) = 1. It can be easily
shown that wl/Xw;, = tr(wiXw,) = tr(Xw,w!) = tr(XW). Now we change the
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optimization variable in (3.32) from w, to W, and rewrite the optimization problem

in terms of W as
Ps : min tr (CW) + 20y, HHAvec (W) H + 20,
W
ZHA T et :H

4 2960 HD2 ((N’")T ® W) i H P

na?

Hpgvec (W) H

s.t. tr (AW) > 20 + 20, ||D1 ((flffm)T © W) é{{

- 2 2 \T - ~ A A T - 2
tr (BW) > 25, || Ds ((h{[hl) © W) &\ + 20, ||D, <(g2 gz) © W) h!
+ 2’Yth5g D, ((NT)T © W) ééf + %hUELB?
W = 0, rank(W) = 1,
(3.33)

where A = afa — (NT © (ﬁgf ﬁ2>) and B = b"b — (NT © (égf §2)).
The problem 7P, is still nonconvex due to the last W rank-one constraint in (3.33).

After removing this nonconvex constraint, we obtain a relaxation counterpart of (3.33)

denoted by P; as shown below.
Ps : min tr (CW) + 20y, HHAvec (W) H + 20,
W
22 T =\ fH
D2 ((gl gl) @W) h2

4 2960 HD2 ((NT)T ® W) ! H I

Ly

Hpgvec (W) H

s.t. tr (AW) > 20, + 20, ||D1 ((flfflz)T © W) é{{

- 2 a2 \T - R oA N\NT . 2
ir (BW) > 24, | D, ((h{fhl) @W) &4l + 24, | D, ((géfgz) @W) b
+ 290, || D2 ((N")T © W) g2|| + yino?,,
W =0,
(3.34)

which is a convex optimization problem. Note that by introducing a new variable, P
can be easily reformulated as a standard semidefinite programming (SDP) problem
consisting of linear objective and SOC and positive semidefinite constraints. The

convex problem of (3.34) can be efficiently solved with Matlab by using the YALMIP
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toolbox 2 [51,52].

The optimization problem Pz subsumes the problem P,, since the feasible region
of Py is a subset of that of P3. In general, the optimal solution to P is of rank r with
r > 1 rather than rank-one, which makes P, infeasible. The Gaussian randomization
technique [21,16,17,53] can be adopted to construct a feasible rank-one solution to P
from the optimal solution of relaxed SDP problem P3. So the two-stage SDR-based
approximation method used in this chapter consists of solving the relaxation problem
P in the first stage and then applying the randomization technique to the optimal
solution of P3 in the second stage. This method will lead to an approximate solution
to Ps. In the following, the Gaussian randomization method is presented.

Let W' denote the optimal solution to Py in (3.34). The idea behind the Gaus-
sian randomization is to generate a large number of candidate vectors representing
the MIMO relay precoder matrix from W and choose the one that can be scaled
to guarantee the SNR constraints of Py in (3.33) at the minimum transmit power
cost. Initially, the eigenvalue decomposition of the optimal matrix WeP' is calcu-
lated as WPt = UXU¥. Let v, be a column vector of N? zero-mean, unit-variance
complex circularly symmetric uncorrelated Gaussian r.v.’s, i.e., v ~ CN(0,Iy2).
Then the candidate vector w¢$ is constructed as w§ = UXY?v;, and the MIMO
relay precoder matrix can herein be obtained through the reverse vectorization op-
eration as W¢ = vec™'(w$). This ensures that E[w¢(w$)7] = W' denoted by
WS ~ CAT(0, Wort).

Since w{ depends on the particular realization of v, the constraints of the original
problem P in (3.32) might be violated or over-satisfied. Accordingly we can seek a
positive boost or reduction factor to scale w§ to the minimum length that is necessary

to satisfy the constraints. Denote the scale factor as v/, and based upon the problem

2YALMIP is to concentrate on the language and the higher level algorithms, while relying on
external solver such as SeDuMi for the actual computations [51].
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Py in (3.33) define

a=1tr (CWC> + 205, HHAVGC (WC) H + 20, ||Hpvec (WC)

. ((af) o W) nt
2 2 \T .

D, ((h§ hy) © WC) g1
2 2 \T -

D, ((h{f hy) © WC) &

Apa \ T ~ 2
Dl((gfgz) @WC) by’

Y

Ba = tr (AWC) — 25,

— 26,

26 HD2 ((N’")T © VVC> b

) , (3.35)

Bp = tr (BVVC> 925,

~ 2, — 2y, | D2 (N")" © We) g

Y

where W¢ = w¢ (w$ ). Then, it turns out that the following problem can be resorted

to converting the candidate MIMO relay precoder to the candidate solution to Ps.
C i 2
Q: min A st ABy > ymo,,, k€ {A, B} (3.36)

Problem Q is a linear programming (LP) with a single variable A and linear inequality
constraints. For a feasible instance of the LP problem Q, it is obvious that g should
be positive. So for those w{ candidates that make J} positive, the scaling factor can

be easily solved as

2 2
MthOn, VthOp
A = max = B, 3.37

( Ba Bp ) (3.57)

Therefore, the two-stage SDR-based approximation algorithm for generating an ap-

proximate solution to the original problem P can be summarized as

e Relaxation: Solve the relaxed equivalent SDP problem P3; and obtain the

optimal solution WePt,
e Randomization: Check the rank of WPt

— If WPt = 1, then use its principal eigenvector as the optimal solution to

problem P.

— Otherwise, generate a candidate w{ by using the aforementioned Gaussian
randomization method. Calculate §i, k € {A, B} in (3.35), and if nega-
tive discard the corresponding candidate w{. Otherwise, determine and

record the scaling factor A from (3.37), as well as the associated objective



46

value in (3.36) and the candidate vector. Repeat a large enough number?
of the randomization procedures. In the end, choose the candidate and
scaling factor with the minimum objective value, denoted by wj and \°,

respectively.

The approximated optimal solution to problem P can be given as szt =V A°w}. The
robust MIMO relay precoder matrix can herein be determined through the reverse

. . . — t
vectorization operation as WoP' = vec™!(wi™).

3.4 Numerical Results and Discussion

This section will first provides a numerical example to show the robustness capabilities
of the presented design and compare its performance with the nonrobust approach
[17]. In this example, we take N = 3, and consider the standard i.i.d. Rayleigh
fading model — the elements of each channel vector between the source and relay
are i.i.d. CGRV with zero-mean and unit variance. For all simulations, the channel
estimates are given as h = [0.6282 —0.81117  —2.0819+1.0171i 0.9689 — 1.2102i]"
and g = [—0.7558 — 0.5724¢  0.2299 — 0.5338 — 0.0723 — 0.17074], and the noise
power at the MIMO relay and sources are fixed at -20 and 0 dBW respectively.

Furthermore, we assume that the error variances are identical across all links, i.e.,

o), = o, = o;ord, =06, =9 Through Fig. 3.2 to 3.5, we take the error
variance 02 = 0.002, and the upper norm-bound §, can be calculated by using a

numerical search based on (3.18). The optimization problem Ps in (3.34) is solved
using the YALMIP toolbox?. If the solution matrix WP turns out being rank one,
the associated principal component solves the original problem P. Otherwise, the
SDR-based approximation in Sec. 3.3.2 is carried out. With the obtained optimal
w, the worst-case transmit power at the MIMO relay is calculated based on (3.31).
Moreover, after substituting Hy, = Hyp + Epy into (3.11) and then averaging over
1,000 independent realizations of estimation errors e, and e,, the average transmit
power of the robust method is obtained. For comparing purpose, the nonrobust

method in (3.13) is implemented to obtain the optimal solution denoted by wm°

3In our numerical results, we run the randomization loop till generating 1,000 candidates with
positive B, k € {A, B} in (3.35).

4Since Pj3 is essentially a SDP problem, and can be efficiently solved using interior point method,
at a complexity cost that is at most O((M + N?)3%) and is usually much less [17]. In all of our
simulations, YALMIP takes seconds to solve Pj if a feasible solution exists.
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without taking into account the channel estimation error. Similarly, the transmit
power for the nonrobust method with w7 in (3.11) is averaged by considering 1,000
random realizations of e, and e,.

Fig. 3.2 illustrates the transmit power at the MIMO relay versus SNR threshold
Yu, for both robust and nonrobust methods. Denote n = Pr{o? T < 67}, and 1 — 17
is fixed at 0.12 in this figure which corresponds to ¢ of 0.108. As shown in Fig. 3.2,
the transmit power increases for all cases with the increasing v4,. It is intuitive to
expect that the MIMO relay requires more power in order to guarantee higher QoS
requirement at the sources. For the robust method, the worst-case transmit power
is larger than the average power, which can also be observed from that (3.31) has
two more terms comparing to (3.11). Moreover, the average transmit power curve of
the nonrobust method lies below that of the robust method as expected, since more
power is needed to combat channel uncetainty. The power gap between robust and
nonrobust methods is around 2 dBW, and what kind of performance increase can
this extra cost bring? To answer this question, we plot the outage probability for
each source in Fig. 3.3 as a function of SNR threshold based on the same simulation
parameters of Fig. 3.2. It should be noted that the outage probability here is not the
conventionally defined one to indicate the fading of the channel itself, but refer to the
probability that the received SNR at the sources is below the threshold for the given
channel estimates due to the CSI errors. The actual received SNR in the simulations
is calculated for both sources including the second-order terms of estimation errors.
The outage probability is averaged over 1,000 independent trials, and in each trial
1,000 outage events are captured by randomly generating the estimation errors. It can
be observed from Fig. 3.3 that both sources have almost the same outage probability
resulting from the symmetric channel condition. Furthermore, the outage probability
for the nonrobust method is affected deeply by the channel estimation errors, whereas
the proposed robust mehthod efficiently combats the effect of estimation errors as the
outage probability remains zero-outage through all the SNR range.

Next, Figs. 3.4 and 3.5 investigate the outage probability for the robust and non-
robust methods under the same amount of average transmit power. Take the average
transmit power of the nonrobust method in Fig. 3.2 as a baseline, the appropriate n
or ¢ in the robust method is determined with the help of numerical search for each
SNR threshold to achieve almost the same average transmit power at the relay as in
the nonrobust method. The resulting average transmit power is plotted in Fig. 3.4.

As shown in Fig. 3.5, the outage probability of each source for the robust method is
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Figure 3.2: Transmit power at the MIMO relay versus received SNR threshold ~,;, for
the robust (1 —n = 0.12) and nonrobust methods. o2 is fixed at 0.002.
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Figure 3.3: Outage probability of SNR versus received SNR threshold v, at both
sources for the robust (1 — 1 = 0.12) and nonrobust methods. o2 is fixed at 0.002.
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still zero, fully exhibiting the robustness of the proposed MIMO relay design against
the influence of estimation errors. So we can conclude that the robust method far
outperforms the nonrobust method in terms of outage probability with the same or
similar average transmit powers at the MIMO relay.

In Fig. 3.6 and 3.7, we plot the transmit power at the MIMO relay and the outage
probability of SNR for both sources versus the error variance o2, respectively. We take
1—7n =0.12 and 7, = 8 dB for both figures. It can be observed from Fig. 3.6 that the
average transmit power remains almost the same across different CSI errors for both
the robust and nonrobust method, and the robust method needs more transmit power
to provide the robustness against the channel uncertianty than the nonrobust method.
As before, the outage probability of SNR versus ¢? in the given range remains zero
for the robust method whereas more than 50% for the nonrobust method. So the
proposed robust method can serve the QoS requirement for both sources but at the
cost of a larger transmit power at the MIMO relay.

Besides the performance improvement, the feasibility issue is also of interest. Since
problem Pj is a relaxation of problem Py, if Ps is feasible so is Ps. But the converse is
generally not true — if Pj is feasible, Py is not necessarily feasible. In order to establish
the feasibility of the proposed two-stage SDR-based approximation, the first is that
Ps is feasible, and once a feasible solution to Pj3 is found the randomization loop
should yield at least one feasible solution, i.e., B,k € {A, B} in (3.35) should be
positive. It has been verified in the simulations that if the randomization loop can
yield at least one feasible solution, each randomization procedure of the loop can give
a feasible solution. So after a large number of randomization procedures to generate a
predetermined number® of feasible solutions, the best feasible solution can be selected
as the approximated optimum solution to the original problem P. This is most often
the case. Otherwise, the randomization loop will fail to return any feasible solution.
Note that the randomization loop is another factor contributing to the complexity of
the SDR-based approximation algorithm. As long as the randomization loop can yield
at least one feasible solution, the randomization loop will run a predetermined number
of times and each run will generate a feasible solution. So the complexity of the
randomization loop is O(1) under the condition that the feasible solution exists. In our
simulations, it usually takes around one second to generate 1,000 candidates based on
2.4 GHz Intel Core 2 Duo processor. So plus the time solving the relaxed optimization

problem Pjs, the total processing time to yield an optimal approximate solution to

Tn our simulations, we choose 1,000.
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Figure 3.4: Transmit power at the MIMO relay versus received SNR threshold ~,
for the robust (1 — 7 is adjusted for each v,,) and nonrobust methods. o2 is fixed at

0.002.
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Figure 3.5: Outage probability of SNR versus received SNR threshold =, at both
sources for the robust (1 — 7 is adjusted for each ;) and nonrobust methods. o2 is

fixed at 0.002.
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Figure 3.6: Transmit power at the MIMO relay versus error variance o2 for the robust
(1 —n = 0.12) and nonrobust methods. 7, is fixed at 8 dB.

the original problem P is in the time order of seconds. It can also be concluded that
the feasibility issue is of more significance than the algorithm complexity.

Feasibility depends on various factors: namely, the number of transmit antennas,
the channel characteristics, the noise variance, and finally the received SNR threshold,
which will be investigated in the simulations by exploiting 1,000 different channel
realizations. For each simulation run, the feasibility of Ps is first verified. If Pj is
feasible, the randomization loop will be carried out to see if any feasible wj to the
original problem P can be yielded. Table 3.2 compares different number of transmit
antennas, i.e., N = 3 and N = 6 with fixed noise variance of 0.1 at the MIMO relay,
while Table 3.3 fixes the number of transmit antennas at N = 3 and compares the
different noise variance of 1 and 0.01. For each such configuration, the same received
SNR targets are requested for both sources ranging from 2 dB to 14 dB, so the impact
of received SNR threshold is also investigated. The other simulation parameters are
the same as aforementioned.

The number of 1,000 simulations and corresponding percentage for which Py is
feasible are listed in the columns “Feas. P3”, in which “#” denotes the number
and “%” represents the percentage. Columns “Feas. appr.” report the number of

problem instances (in terms of 1,000 simulations) for which, once a feasible solution
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Table 3.2: Simulation results with various transmit antennas N = 3 and N = 6 versus
received SNR threshold based on 1,000 different independent channel realizations.
The noise variance at the MIMO relay N, is fixed at 0.1.

N =3 N =6

Vih Feas. Ps Feas. appr. Feas. Ps Feas. appr.

# % # % # % # %
2 974 97.4 965 99.1 995 99.5 995 100
4 950 95.0 932 98.1 991 99.1 991 100
6 899 89.9 870 96.8 971 97.1 970 99.9
8 795 79.5 752 94.6 927 92.7 922 99.5
10 597 59.7 513 85.9 831 83.1 808 97.2
12 341 34.1 262 76.8 672 67.2 596 88.7
14 93 9.3 70 75.3 339 33.9 277 81.7

Table 3.3: Simulation results with various noise variance N, = 0.1 and N, = 0.01 ver-
sus received SNR threshold based on 1,000 different independent channel realizations.
The number of transmit antennas at MIMO relay N is fixed at 3.

N, =1 N, = 0.01

Vih Feas. Ps Feas. appr. Feas. Ps Feas. appr.

# % # % # % # %
2 341 34.1 273 80.6 995 99.5 993 99.8
4 93 9.3 71 76.3 995 99.5 990 99.5
6 14 1.4 10 71.4 994 99.4 988 99.4
8 1 0.1 - - 988 98.8 980 99.2
10 - - - - 984 98.4 976 99.2
12 - - - - 972 97.2 962 99.0
14 - - - - 948 94.8 929 98.0
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Figure 3.7: Outage probability of SNR versus error variance o2 at both sources for
the robust (1 — 7 = 0.12) and nonrobust methods. 7, is fixed at 8 dB.

to Ps is found, the randomization loop yields at least one feasible solution, as well
as the corresponding percentage (in terms of the number of “Feas. P3”). In all
configuration considered, the higher the received SNR threshold, the less likely it
is that Pj is feasible and that the randomization loop yields feasible solution to P.
It can be observed in Table 3.2 that increasing the number of transmit antennas
at the MIMO relay increases the feasibility for both relaxation and randomization.
This observation can be expected since exploring more antennas can better combat
the channel uncertainty by providing higher received SNR for both sources. Finally,
Ps is getting more difficult to solve for higher noise variance at the MIMO relay as
illustrated in Table 3.3.

3.5 Conclusions

In this chapter, we have addressed the robust MIMO relay design problem in TWRN
and provided the robust MIMO relay design based on the channel estimates. The
channel estimation error has been explicitly taken into account in the design, and the
worst-case philosophy has been adopted to include the robustness. Based upon the

design criteria of QoS, we seek to minimize the worst-case transmit power at MIMO
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relay while guaranteeing the worst-case received SNR above a prescribed threshold
at both sources. The formulation turns out nonconvex, but has been transformed
into a convex optimization problem that can be efficiently solved by means of SDR
and randomization technique. The robust approach has been compared with the
nonrobust strategy [17], and the improved robustness of our proposed design has
been verified in the simulations. Finally, we have investigated the feasibility issue of

the proposed robust method.
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Chapter 4

Conclusion and Future Work

4.1 Conclusions

In this thesis, we have addressed the impact of channel estimation error on the per-
formance of AF two-way relaying. We have considered a system of two single-antenna
sources communicating with each other with the assistance of either multiple single-
antenna relays or a single MIMO relay station. The performance degradation and
enhancement due to the estimation error for both cases have been investigated in
Chapter 2 and 3, respectively.

In Chapter 2, when exploiting multiple single-antenna relays, we have derived the
effective SNR subject to noisy channel estimation, and based on this, the system
outage probability is given. In addition, we have derived the closed-form expression
of the average system BER as well as the asymptotic expressions for both outage
probability and BER. Furthermore, instead of employing all relays, we have examined
the impact of imperfect CSI on the Maz-Min RS scheme. To enhance the system
performance to combat the negative impact of imperfect CSI, adaptive PA algorithm
by minimizing either the outage probability or the average BER has been proposed.
The adaptive PA has been suitably casted as GP problem, and solved efficiently by
convex programming technique. We have validated the correctness of the derived
expressions by means of numerical simulations and showed that adaptive PA scheme
outperforms equal PA scheme under the aggregated effect of imperfect CSI.

Motivated by the advantages of MIMO systems, we have accommodated multiple
antennas at the relay node. So in Chapter 3, a robust MIMO relay design strategy
has been proposed for AF ANC-baed TWRN. The estimation error in CSI has been
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explicitly taken into account, obtaining a robust solution less sensitive to this er-
ror. In particular, the worst-case philosophy has been utilized to achieve robustness.
This approach strives to minimize the worst-case transmit power at the MIMO relay
while guaranteeing the worst-case SNR above a prescribed threshold value at each
source. The mathematical optimization problem corresponding to the robust MIMO
relay design has been showed nonconvex. We have reformulated the design problem,
and exploited the algorithm called two-stage SDR-based approximation consisting of
relaxation and a combined randomization /scaling loop, to attain an approximated op-
timal solution to the original design. We have further compared the proposed MIMO
relay with the nonrobust method by means of numerical simulations, and therefore

verified its robustness against the channel uncertainty.

4.2 Future Work

In this thesis, we considered the distributed and centralized relaying to assist the in-
formation exchange between two single-antenna sources. There are several extensions
on the system configuration which can be investigated as possible future work. For
distributed relaying case, we may be able to extend our work to multiuser scenario,
and introduce opportunistic relaying to the sources. For centralized relaying, we can
first extend our single MIMO relay case to any configurations of relays or antennas.
Moreover, we can also incorporate multiple antennas at both sources, and jointly

design both the source and relay precoders.
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Appendix A

Joint PDF of vfjlﬂ,; and v%ﬂ;

In this appendix, the derivation of the joint PDF Pr {%4 < BS el 0 < %hs} is pre-
sented in detail.
First by observing the relationship between vf and 742, and 75 and 732, Y5 AZ

and 7 , are given by

| Vs i CriCoinsinst
Ai = o g e and Vg, = C Cl et (A1)
M T Vo i it C2ivg;

where

k3

4 Pr.cre ?
i“c9; \ Pp
(1 _I_ NB,i ) NT,L'
o (A.2)
].‘l‘ T €h; Py
NA,i NT,L'

4Ppo? ’
1+ P ehz 4+ Pp Npa | 7P%, ) Dy
Pr Nr',L- Nr',L- NA,i

2 2
1+ Ppo egL + PA Nai + 4PAo—eh,L- P,
N’rz- r N’r Ny, NB,i
Cl T

and 02’7; =

and vf,flf and vg,flf are independent exponentially distributed r.v.’s with mean given by
(2.16).

Note that vﬁfi is symmetric in terms of yi and 722, and %09{2 is symmetric in
terms of C’l,ﬂfg and 027,-755. Without loss of generality, we assume C;; > Cy;.

The scenario C; < Cy; can be obtained similarly. By using the similar approach

< min{X, Y} can be adopted to derive Pr{y¢;, <

XY
in [29], the inequality of X1y

7B elt i < B9}, and a strict lower bound of system outage probability is equivalently
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obtained. By utilizing the independence of vfg and 755 and the law of total probability,
Pr{%‘fi < B v%ffi < vE5} can be derived as

ff RS ff RS
Pri{va: <Y »Vei < Ven )

< Pr{min{viff-, 755} < Yths miﬂ{Cl,ﬂf,fzf'a Cz,ﬂg,fzf'} < %}25},

RS
¢ © € e 7
= Pr{%fﬁ > 7213-} Pr{%fﬁ < %ﬁs, 721;5 < th }
2 (A.3)
P CQ,i eff eff eff P eff RS _eff ”Yﬁls
+ Pr{ C V2 < M < 727,-} 1“{7172- <M s V2 < c, }

ot _ C2i o eff RS _off ngs
+ Pr{y; < Cy ,72,2'} Pr{ys <y > < C }

Since fyffg and 75}‘5 are independent exponentially distributed r.v.’s with parameters

denoted by A ; and Ay, respectively, we can determine each term in (A.3) and obtain

f RS _eff RS
PY{VZJ <Yith s VB, < Vin }

<7)\2’Z (1 — €_>‘277: min{’}/t]}zs’ﬁ/tlzs/cz’i}>
AL+ A

N ( Ai AL ) <1 _ 6_)\1’1.«/525) <1 _ e—Amﬁf/Cz,i> (A.4)

2,i

st 1— 6—A1,imin{vﬁsvvﬁs/01,i}> )

The authors in [29] has shown that irrespective of the values of channel variances, the
lower bound of the system outage probability based on the upper bound in (A.4) is

very close to the exact outage in the whole SNR range.
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