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ABSTRACT 

In this paper, we consider a decode-and-forward (DF) full-duplex 
relay (FDR)-aided downlink wireless communication system con
sisting of one base station (BS) equipped with large scale anten
nas and multiple MIMO FDRs, which have been recognized as es
sential techniques in the fifth generation (5G) wireless communi
cations. In view of the system performance not only limited by 
self-interference (SI) and inter-relay interference (lRl) caused by 
FDRs but also by chan ne I state information uncertainty, a distributed 
worst-case robust design of FDR bearnforming and total power min
imization for down link transmission is proposed subject to relays' 
and users' target rates, a centralized solution is presented, and then 
its distributed implementation using alternating direction method of 
multipliers (ADMM) is presented as weil. Finally, some simulation 
results are provided to demonstrate the efficacy of the proposed al
gorithm. 

Index Terms- Full-duplex relay (FDR), massive MIMO, ro
bust bearnforming, semidefinite relaxation (SDR), alternating direc
tion method of multipliers (ADMM). 

1. INTRODUCTION 

The expeditious expansion of wireless networks has resulted in 
tremendous increase in energy consumption, and so the crucial need 
of high power efficiency in wireless communications has drawn ex
tensive attention in both academia and industry recently. In the fifth 
generation cellular system, the transmit rate is required at least 10 
Gbps and the power should be reduced by 90% in network energy 
usage [1]. Massive MIMO and full-duplex relay (FDR) have been 
regarded as two essential elements to boost the spectral and energy 
efficiency [2, 3], due to the fact that the former can provide very 
large spatial multiplexing gain [4, 5] and the latter can maximally 
double the spectral efficiency thanks to advanced self-interference 
(SI) cancellation techniques [6, 7]. 

State-of-the-art works on massive MIMO and FDR technologies 
mostly assurne that FDRs are equipped with large scale antennas [8-
10], which, however, may not be very practical because the massive 
MIMO used by FDR is prone to hardware impairments if it is real
ized with low-cost components [8]. In [9] , closed-form expressions 
are derived for the ergodic achievable rate with imperfect channel 
state information (CSI) based maximum ratio transmission (MRT), 
maximum ratio combining (MRC) and zero-forcing bearnforming 
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(ZFBF) employed at two-way amplify-and-forward (AF) relays. In 
[10], an optimal power allocation scheme has been proposed to max
imize the energy efficiency under power constraints. 

In this paper, in view of potential practical scenarios in 5G [11] 
where relays and users can be machine-type devices (i.e., sensors), 
we consider an FDR-aided downlink cellular system (cf. Fig. 1) 
where users direct links from the BS are too weak for reliable signal 
reception. Recently, [12] considers the case of perfect CSI and the 
BS equipped with multiple antennas for such a system. Consider
ing the CSI uncertainty and massive MIMO at BS, we further design 
a scheme for system power minimization and robust FDR transmit 
bearnforming under relays' and users' target rates constraints. We 
propose a centralized solution by semidefinite relaxation (SDR) and 
S-Lemma as weil as a distributed implementation by alternating di
rection method of multipliers (ADMM), followed by so me simula
tion results for performance evaluation. 

Notation: lEr} denotes the expectation of a random variable; 
11 . 11 denotes the Euclidean norm of a vector; CNC) denotes the 
complex Gaussian distribution; X l and TrC) represent the pseudo
inverse and the trace of matrix X, respectively; C)H denotes con
jugate transpose of vectors or matrices; X ~ 0 means that X is a 
positive-definite matrix; IR')' denotes the set of non-negative real n
vectors; IL = {I, ... , L}, {Ali}t stands for the set {Ali, ... , AL;} , 
and {At i }t"'i = {At ih \ Ai; . 
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Fig. 1. An FDR aided wireless system with massive MIMO for BS 

2. SIGNAL MODEL AND PROBLEM STATEMENT 

Consider the FDR-aided down link transmission system consisting 
of one BS equipped with NB antennas and L FDRs, as illustrated in 
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Fig. 1, and each relay equipped with Nt transmit and single receive 
antennas only serves one single-antenna user. Assurne that all FDRs 
operate in decode-and-forward (DF) mode. When multiple relays 
are deployed in the network, the interference management is further 
complicated because self-interference (SI) at each relay, inter-relay 
interference (IRI) and multi-user interference (MUI) must be con
sidered in addition to the interference across feeder links from BS to 
FDRs. Then the received signal at relay i is given by 

R H ,\"", L H 
Yi =gi v!PiViqi + L.. . 1 _F g i vfiijVjqj 

'-v-" , J= ,J;-' , 

d esired s ign a l 
interferen ce across feed er links 

H ,\"",L H R + hii WiSi + L.. . h ikW kSk +ni 
'-".-' k= l ,ko;', 

SI' , 

(1) 

IR! 

where qi, Pi and Vi E ce NB are the transmit symbol, the power al
location and the normalized bearnforming vector at the BS for the 
relay i; Si and Wi E ce N t are the transmit symbol and the be am
forming vector at the relay i, respectively; g i = $;gi E ce NB 

denotes the channel between the BS and relay i (where ßi is large 
scale fading coefficient and g i is small scale fading); h ii E ceNt and 
h ik E ceNt denote relay i's SI channel and IRI channel from relay 
k to relay i, respectively. Since relays are deployed at fixed places, 
we assurne that all g i and h ik are perfectly known. Without loss 
ofgenerality, assume IE { lqin = I, IE { lsin = 1,llvil12 = 1 
and n{' ~ CN (0, (T~i ) is zero-mean additive white Gaussian noise 
(AWGN) with noise variance (T~i ' 

When NB is large, the interference across feeder link is asymp
totically orthogonal in massive MIMO system, so it can be elim
inated by MRT or ZFBF [4] . Since ZFBF is asymptotically op
timal , let V = aoG(G H G)- l be the ZFBF from BS to FDRs, 

where ao = J(NB - L) /(2:~=1 1/ßi) is a constant satisfying 

IE{Tr(VVH )} = 1 (cf. appendix in [13] for the proof) and G = 
[gl , ... , gL ]. Thus, the signal model of the relay i in (1) can be 
simplified as 

L 

y{' = aoy'piqi + h;; WiSi + 2: h;k W kSk + n{' (2) 
k=l,ko;'i 

After certain SI cancellation processings at relay i are performed to 
suppress the SI, the residual SI (RSI) is still inevitable that can be 

modeled as AWGN with ZRSI ~ CN(O, 17 lh;;Win, where ° < 
17 < 1 is a hardware-dependent parameter characterizing the power 
level of RSI [12]. Thus, the signal-to-interference-plus-noise ratio 
(SINR) of relay i can be expressed as: 

On the access link, provided that the direct link from BS to each 
user is negligible due to severe path loss, the received signal of user 
i is given by 

L 

yf f/f WiSi + L f/f W tSt + nf (4) 
~ t=l, to;'i 

desired s ign al '-v-' 

MUI 

where fit E ceNt is the channel from the relay 1 to user i, and AWGN 
nf ~ CN (0, (Tbi )' Due to the mobility of the cell-edge users, the 
eSI estimates (e.g. , obtained through training) that are known to all 
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the relays are imperfect. Hence, the uncertainty of channel fit needs 
to be considered in the FDR beamforming design. Let 

fit = fit + llfit, Vi, 1 E LL 

where fit are the true channels, fit are estimates of fit, and each eSI 
error vector llfil is confined within a hyper-spherical set flil with 
radius eil , i.e., 

(5) 

Then SINR of user i can be expressed as: 

(6) 

Under the preceding scenario (shown in Fig. 1) and premises, the 
worst-case robust design can be formulated as the following noncon
vex power minimization problem: 

(7a) 

S. t. !og2 (1 + SINRf ) 2: "tRi, Vi Eh (7b) 

!og2 (1 + SINRf) 2: "tUi, Vi Eh (7c) 

li M it 11 2 :s; e7t, Vi, 1 E LL (7d) 

where "tRi and "tUi denote the required relays ' and users' target rates, 
respectively. 

3. PROPOSED DlSTRIBUTED ROBUST ALGORITHM 

3.1. Solving (7) by SDR and S-Lemma 

By applying SDR (i.e., replacing w iwf by W i C: 0) to problem 
(7), (7c) can be converted into two convex quadratic constraints via 
auxiliary variables. Then each of the resulting two constraints to
gether with the quadratic constraint (7d) can be further converted 
into a linear matrix inequality (LMI) by S-Lemma [14, 15]. Then 
we come up with the following semidefinite program (SDP): 

L 

min L Pi + Tr (Wi ) (Sa) 
Wi~O , . 

{Pi,{Ail},}ElII+ ,=1 

a6Pi ( ) S.t. 2: 17 h ;;W ih ii 2'YRi - 1 
L 

+ L h;kWkh ik + (T~i' Vi E h (Sb) 
k=l,ko;'i 

<1\(Wi , Ti , Aii ) C: 0 , Vi E LL (Sc) 

Wil(Wt, t il, Ail) C: 0 , Vi, l E LL, 1 cF i (Sd) 

where the two LMIs <Pi(Wi , Ti, Aii) and Wil(Wt , til, Ail) are de
fined in (9a) and (9b), respectively (on top ofthe next page), in which 
Ait 2: 0, Bi = Ij(2'Yui - 1) , Vi E LL, and 

L 

Ti = L t il, t il = (i:'il + llfil) HWt(i'il + llfil) 
t=l, to;'i 

Note that t il is the interference power from relay 1 to user i for 1 cF i, 
and Ti is the sum of MUIs at user i . 



- Wl + AilI 

It ean be seen that the optimal Pi (denoted by Pi) is obtained 
when (8b) holds with equa!ity, i.e., 

_ 2'YRi - 1 H L H 2 

Pi = 2 { 'l)hii W ih ii + L h ik W kh ik + a Ri } (10) 
000 k=l ,ki'i 

Thus, problem (8) can be further simplified as the following SDP 

L 

min LPi + Tr(Wi) 
W i >:: O, . 

(.\id, C IR+ . = 1 

(lla) 

S.t. <I> i (Wi , Ti , Aii) ~ 0 , Vi E I L (llb) 

Wil(W I, t il, Ail) ~ 0 , Vi, l E I L, l =I i (llc) 

Problem (11) is a convex optimization problem and is readily solved 
using off-the-shelf convex optimization software, e.g., CVX [16]. 
However, when the obtained optimal W i is of rank one (i.e. , W i = 
Wt(Wt) H for some w; E ceNt , Vi E IL), the obtained wi is op
timal to the original problem (7). This is the case to problem (7) as 
stated in the proposition below without need of Gaussian random
ization to find an approximate rank-one solution. 

Proposition 1: Suppose that the SDR problem (11) is feasible. 
Then, a rank-one solution (Wi = wH Wt)H , Vi E IL) to problem 
(11) exists. 
This proposition ean be proven through the Karush-Kuhn-Tucker 
(KKT) eonditions associated with problem (11) in a similar fashion 
to the proof for a worst-case multicell coordinated beamform design 
in [17] . However, the proof is omitted here due to space !imitations. 

3.2. Distributed Algorithm by ADMM 

By interchanging the indices of i and l in Wil(W I, til , Ail) (cf. (9b», 
the feasible set of problem (11) can be re-expressed in a more com
paet form needed for distributed implementation. To this end, we 
define the following convex constraint set associated with relay i: 

Ci = { (Wi, (AU}I, Ti, {tl i}l i'i) I 

<I> i (Wi , Ti, Aii) ~ 0, W i ~ 0 

Wu(Wi , tu, AU) ~ 0 , Au 2: 0, VI E I L, I =I i }, Vi E I L 

Let 

]T IRL(L-l) t = [t12, ... , tlL, t21 , t23, ... , t2L, t Ll , ... , tL(L-l) E + 

t i = [Ti , tli , ... , t U-l)i , t U+l)i, ... , t Li]T E IRt , Vi E I L 

Then itcan be seen thatthere exists amatrix E i E {O, l}LXL(L- l ), 
that satisfies t i = E it , Vi E IL. Moreover, E i ean be shown 
to be of full colurnn rank, and ~;= l Pi = ~;=l Gi where Gi is 
also given by (10) except that the indices i and kare interchanged 
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(9a) 

(9b) 

in the summation term. Henee, problem (11) ean be alternatively 
represented as: 

L 

min L Gi + Tr(Wi) 
i = l 

S.t. Zi ~ (Wi , {AU}I, t i) E Ci, Vi E I L 

t i = E it, Vi E I L 

(13a) 

(l3b) 

(Be) 

To meet the convergence conditions of ADMM, we solve the follow
ing penalty terms augmented problem instead of (13) by introducing 
auxi!iary variables Pi 2: 0, i E I L. 

L 

min LGi + Tr(Wi) + ~IIEit - t il1 2 + ~(Pi - Tr(Wi))2 
i = l 

(14a) 

s.t. Zi E Ci , Vi E I L (14b) 

t:. ( t (W)) TT1> L(L- l)+l \..J' I Xi = t = E i t i, Pi = Tr i E lß+ ' v~ E L 

(14c) 

where c > 0 is a preassigned parameter. The eorresponding ADMM 
for solving (14) actually solves the dual optimization problem of 
(14), which is also a max-min problem defined as: 

L 

ma.x { min. Lg(Zj , X j ,Vj , f.1. j) } (15) 
v i E IR L ,J! i E IR Z~ECi, Xt. 1 

ViE I L Vi EIL J = 

where 
ß c 2 

g(Zj, Xj, Vj , f.1. j) = Gj + Tr(Wj ) + '2IIEjt - t;II 

+ ~ (P j - Tr(Wj))2 + vJ (E j t - t j) + f.1. j(Pj - Tr(Wj)) 

in which Vj E IRL(L - l) and f.1.j E IR are dual variables associated 
with (14c). The resulting distributed a1gorithm is summarized in AI
gorithm 1. In Algorithm 1, Steps 4-6 update the primal variables, Zi 
and Xi by solving the inner minimization problem of (15). Specifi
cally, Step 4 updates the prima I variables Z i by solving the following 
eonvex subproblem using CVX: 

Z i(q + 1) = arg min g(Zi , Xi(q), Vi(q) , f.1. i(q)) (16) 
Z i EC i 

where q denotes the iteration number. Step 5 is interchange of the 
MUI information at eaeh user among all the relaysl. Step 6 solves 
the following quadratic convex subproblem: 

L 

Xi(q+ 1) = arg~n Lg(Zj(q + 1), Xi, Vj(q) , f.1.j(q)) , Vi E IL 
l j = 1 

(17) 

Iln practical applications (e.g., ad-hoc networks), this information inter
change can be achieved through broadcasting. 



thereby yielding the closed-form solutions: 

t(q + 1) = E I (t(q + 1) - v(q) / c) (18a) 

pi (q + 1) = Tr(Wi(q + 1)) - f-Li(q) / C, Vi E 'h (18b) 

wheret(q+ 1) = [t r (q+ 1), ... , t I(q+1W, v(q) = [V[(q) , ... , 
V[(q) ]T and E ~ [Er, ... , EIf. Step 7 is the outer maximization 
for updating the dual variables {Vi, f-Ld by the subgradient method 
as folIows: 

Vi(q + 1) = Vi(q) + C (Eit(q + 1) - t i (q + 1)) (19a) 

f-Li (q + 1) = f-Li (q) + C(pi (q + 1) - Tr(Wi(q + 1))) (19b) 

It can be shown that, when problem (11) is feasible, every limit 
point of W i (q + 1), Vi E LL yielded by Algorithm 1 is an optimal 
solution of problem (11) [17] , and meanwhile the obtained optimal 
W i is of rank one by Proposition 1. 

Aigorithm 1 ADMM for solving (11) 

I: Input {Vi (O) , f-L i (O) , t(O) , Pi(O)}, Vi E LL, and 0< c < 1. 
2: Set q = O. 
3: repeat 
4: Relay i updates primal variables2 Zi(q + 1) by solving prob

lem (16) Vi E LL; 
5: Relay i sends t i (q + 1) to all the other relays Vi E LL; 
6: Relay i updates prima! variables Xi (q + 1) by (18a) and (18b) 

Vi E LL ; 
7: Relay i updates dual variables Vi(q + 1) and f-Li (q + 1) by 

(19a) and (19b) , respectively, Vi E h; 
8: Set q := q + 1; 
9: Setc:= min{qc,l} ; 

10: until the predefined stopping criterion is met. 
11: Output optimal W i = W i(q + 1) (yielded in Step 4) and the 

associated bearnformer wi, and optimal pi by (10). 

4. SIMULATION RESULTS AND CONCLUSIONS 

The simulation settings are siInilar to those in [12]. Number of FDRs 
L = 2, ES antennas N B = 100, and N t = 3 transmit antennas and 
N r = 1 receive antenna for each FDR; inter-FDR distance is 500 
m, and the distance between ES and each FDR is 600 m; users ' 10-
cations are random with distance to the serving FDR at least 35 m; 
channel estimates are randomly generated with complex Gaussian 
distribution and CSI error radius Ei{ = E , Vi E LL (cf. (5»; noise 
variances at each relay and each user are identical to - 92 dEm; the 
power level parameter of RSI TI = 0.1; the required target rates at 
all the FDR and users are identical ("(Ri = "(Ui = "(). Simulation 
results (average total power) were obtained over 5000 channel real
izations that are feasible to problem (7). 

Fig. 2 shows the average power performance of the robust de
sign (distributed results denoted by "0" and "0" using Algorithm 1 
and centralized results by "x " and "+" by solving (11» versus target 
rate "( and that of the non-robust design (as if all channel estimates 
were perfect) (denoted by "6"). One can see that the latter outper
forms the former; their power performances degrade with "( basica!ly 
in a similar trend and the performance gap (around 2.8~4.0 dEm for 
E = 0.05 and 4.0~6.0 dEm for E = 0.1) is slightly larger for larger 
"( . Moreover, the distributed results and the centralized results are 
close to each other, justifying the efficacy of Algorithm 1. 

2S lep 4 also yields lhe optimal {.\ ti (q + l)} t , lhough il is not needed in 
the algorithm operation at each iteration. 
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Fig.2. Total transmit power (dEm) versus target rate "( for N B 
100, N t = 3, N r = 1, TI = 0.1, E = 0.1 
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Fig. 3. Total transmit power (dEm) versus eSI error radius E for 
NB = 100, Nt = 3, N r = 1, TI = 0.1 , "( = 2 bits/ sec/ Hz. 

Fig. 3 shows the corresponding results versus E for "( = 2 
bits/sec/Hz. Again, one can observe that the distributed results using 
Algorithm 1 and the centralized results are close to each other, and 
their average power increases with CSI error radius E, while the non
robust design nearly yields the same level (15 dEm) of total power 
for all E. We would like to emphasize that though the non-robust 
design is more power efficient, most of the obtained solutions are not 
feasible to the required target rate (cf. (7b), (7c) and (7d» due to CSI 
errors. For instance, its feasibility rate obtained by statistical testing 
is low as 28.64% for "( = 2, E = 0.2, while the proposed robust 
design is 100% feasible in all the presented simulation results. 

In conclusion, we have presented a distributed robust transmit 
bearnforming design (Algorithm 1) for an FDR-aided wireless sys
tem (cf. Fig. 1), where ES is equipped with large scale antennas. The 
proposed algorithm is also an ADMM algorithm with convergence 
and optimal performance guarantee. Some simulation results were 
also provided to demonstrate its efficacy. However, to the best of our 
knowledge, there are no existing benchmark schemes for compari
son. For the case of N r > 1 (receive antennas) andlor multiple users 
served by each FDR, and the case of FDR operating in AF mode, the 
corresponding robust designs are left for future researches. 
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