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Abstract—Massive multiple-input multiple-output (MIMO)  of literature assumes a hybrid analog/digital transceifer
relaying is a promising technological paradigm which can der  different communications applications [12]-[17], but riot
high spectral efficiency and substantially improved coverge. the context of relaying. More recently, [18] assumed a half-
Yet, these configurations face some formidable challenges i ! . . .
terms of digital signal processing (DSP) power consumption duplexrelay system W.here each_nodg is equipped with a hybrid
and circuitry complexity, since the number of radio frequercy P€amformer, but hybrid processing is performed on the nodes
(RF) chains may scale with the number of antennas at the not the relay, while no spectral efficiency characterizai®
relay station. In this paper, we advocate that performing a peing presented either. Motivated by the above discustii,
portion of the power-intensive DSP in the analog domain, naner investigates, for the first time ever, the performarice

using simple phase shifters and with a reduced number of RF ltipai . lavi h t of the DSP th
paths, can address these challenges. In particular, we cadsr a a muflipair massive relaying where part of the on the

multipair amplify-and-forward (AF) relay system with maxi mum  relay station is performed in the analog domain, using stmpl
ratio combining/transmission (MRC/MRT) and we determine analog phase shifters. In particular, we analytically deiee

the asymptotic spectral efficiency for this hybrid analog/dgital  the asymptotic end-to-end spectral efficiency by consideri
architecture. Afte_r that, we extend our analytl_cal results to MRC/MRT processing, where the number of antennas grows
account for heavily quantized analog phase shifters and sho . .
that the performance loss with 2 quantization bits is only10%.  YP W'th_OUt bound. Then, we elaborate on three power saving
strategies and deduce their asymptotic power scaling laws.
|. INTRODUCTION These laws reveal important physical insights and trageoff
Massive MIMO is a promising way to reap all advantagdsetween the transmit power of user nodes and relay. Finally,
of a MIMO system, such as power and multiplexing gains iwe consider the case of quantized phase shifters and work out
a larger scale [1]-[3]. It has also been extensively ingestéid the performance degradation for small number of quantinati
over the past years, thanks to its ability to cancel out noidgts. Our numerical results indicate that (a) hybrid preoes
inter-user interference and fast fading. Fortunately,tladise can offer a very satisfactory performance with a substiytia
advantages can be obtained with simple linear signal psecel®wer power consumption and number of RF chains; and (b)
ing [3]-[5]. On the other hand, MIMO relay systems have beehbits of quantization cause a minor performance degradatio
intensively studied since they can provide extended cgeergapproximatelyl0%).
and enhance the spectral efficiency, particularly at theeedg Notation: Upper and lower case bold-face letters denote
of cells [6]. However, they typically require an extremelymatrices and vectors, respectively. Also, the symhg)$,
complex power allocation and precoder/decoder design [7]3*, (-)¥, Tx(-), ||-||, and||-|| » indicate the transpose, conju-
[10]. Therefore, a relaying system with a massive number géte, conjugate transpose, trace operator, Euclidean, o
antennas at the relay station has emerged as a viable cendiBfeobenius norm, respectively. In addition, the sympp), ,,
to address the aforementioned challenges. returns the(m,n)-th element of a matrix. Also, we define
Massive relaying is a fairly new research area which héise phase and absolute value of a complex numberith
been investigated from different viewpoints. In [1], a mess /2 and |z|, respectively. Furthermord, [-] is the expectation
relay is considered to overcome the detrimental effects operation, and refers to theN x N identity matrix.
loop interference in full-duplex operation. There are also
some other research efforts which investigate the spectral
efficiency of massive relaying and derive asymptotic sgalin Consider a system model as shown in Fig. 1, where a
laws [4], [7], [11]. However, having one RF chain dedicatedroup of K sources,S; with £ = 1,2,..., K, communicate
to each antenna imposes several challenges in terms of D&t their own destinationsDy, via a single one-way relay,
power consumption and circuitry complexity such that thi®. All sources and destinations are equipped with a single
fully digital architecture may scale badly especially irethantenna while the relay is equipped witN antennas on
mm-wave regime [12]. Recently, this critical issue has be@&ach side. Furthermore, the direct link among tkiepairs
addressed by researchers in other fields [12]-[15] and maiges not exist due to large path loss and heavy shadowing;
scholars hold the view that the best suitable solution ista keep our analysis simple, full channel state information
hybrid structure consisting of a digital baseband proaessd (CSl) is available and we ignore hardware imperfections
an analog RF beamformer/combiner. A considerable amoyh®]. Users send their data streams through a narrowband

Il. SYSTEM MODEL
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Fig. 1. Block diagram of a massive relay system with a basgloiégital processor combined with two analog RF beamformsdrieh are implemented using
quantized phase shifters.

flat-fading propagation channel in the same time-frequenahereg;,, andg,, denote thek-th column of the matrices
block. To keep the implementation cost of this massive MIM@x; and G, respectively. In (3), the first term corresponds
relaying topology at low levels, we considéf, receive and to the desired signal, the second term refers to the interpai
K, transmit RF chains at the relay, withi,, K; < N. As interference, while the last two terms correspond to the
mentioned above, by reducing the number of RF paths, \aeplified noise at the relay and noise at the destination,
can avail of reduced power consumption (reduced numbersre$pectively. Thus, the instantaneous end-to-end sigral-
power amplifiers and analog-to-digital converters) andiced interference-noise ratio (SINR) for theth pair is given by
circuitry. Moreover, to reduce the power dissipation of DSP 2

we deploy an analog combind; ¢ CX~*N and precoder P, gl F{WF gy,

F, € CKxN at the relay station which perform phase match3INRx = — 2 :
ing at a much lower dimension compared to full DSP. Since P,y ‘g£F§WF1g1i +|lg F¥WF||202 +02
analog processing alone is not flexible enough, the reminin 7k

fraction of signal processing is performed in the digitafraon )

through the smaller dimensional matiWW € CX:*%- Under Consequently, the average spectral efficiency (bits/séifithis
this model, the received signal at the relay and destinai@on multipair massive MIMO relaying system can be obtained as
be mathematically expressed, respectively, as

Yr = VP.,Gix+npg 1)

¥ = VP.GYFYWF1Gix + G{F{WFing +np (2) where the pre-log factar/2 is due to the half-duplex relaying.

) As mentioned before, the role of the analog combiners is
where P, represents th:?.transmltted power of each sourgg, phajance out the phase of the propagation matrices. It is
andx = [x1,z3, - - - ’xg] is the zero-mean Gaussian symbcﬁl1oteworthy that the matriceB; and F, can only perform
vector such thall [xx"] = Ix. Also, the received signal at analog phase shifting, hence, their elements amplitude are

L i ] Kx1 )
the des_tlnatlons is included gD € _(C %+ while the N- assumed to be fixed by/\/N. To this end, we have
dimensional vectonr and K-dimensional vectonp model

K
R= % 3 E[mgQ (1+ SINRk)} ()
k=1

the additive circularly symmetric complex Gaussian noise L[F1], = ~2[Gi]

such thatng ~ CN(0,02 Iy) andnp ~ CN (0,02 Ik). L[Fs], = —2[Ga) ©6)
Moreover, G; € CV*K and G, € CN*K express the 3 Jrt )

propagation channel between sources and relay, and be- ‘[Flh,j = ’[FQLJ = \/—N

tween relay and destinations, respectively. More pregisel
G, =H,D? and G, = H,D}, whereH,, H, ¢ CNxK On the other hand, the baseband precoder mafiixcan
refer to small-scale fading channels with independent aftpdify both the amplitude and phase of the incoming vector.
identically distributed (i.i.d.) entries, each of themlésling Moreover, we introduce the following long-term transmit
CN(0,1). The diagonal matriced; and D, € CK*K power constraint for the output of the relay station:

mcluie the large-scale Z;\dlng parameters, where Wg define Tr (IE [S’RS’EI]) - P @)
mi = [Di], , andnyx = [D2], ,. From (2) the received ) _
signal at thek-th destination is given by Where,yl_g = FIWFyg demon_strates the combined relay
output signal. In the rest of this paper, we assume MRC
K to combine received signals at the relay, and also consider
yp, =V Pugh FYWFg, 2 +/P. Y _ gl FYWF1g1,2;  MRT to forward the received signals from the relay to the
i7#k destinations. We recall that MRC/MRT type of processing has

+g£F§WF1nR +np, (3) been well integrated in the context of massive MIMO, since



it offers a near-optimal performance and can be implementBbof. See Appendix II. O

in a distributed manner [20]. . . .
i . . Turning now to (2) and using the aforementioned lemmas,
We now define the following symbols that will be used .
. A A when N — oo, it can be shown that
in our subsequent analysi&; = F1G, and A, = F,Go. )
RegAarding the digital MRC/MRT transformation matrix, YD — /pua(¥) (DQ%)HDQ% (D%)HD%X
W = aA, Al wherea is a normalization constant that guar-

3
antees that the power constraint in (7) is satisfied. Thezefo +a(&) : (DQ%)HDQ% (D%)HnR +np  (13)
we can obtain after some mathematical manipulations 4
which can be simplified for thé-th destination as
b N2 N3
= . ™ T 2 1
P,|FEA AT A% + 02 |[FEAALF, ||2F YDy, =V Pua(T) 772k771k£€k+0¢(7) ’ N2, N5, Ry, +10Dy,

(14)

| _ Il _ where r = min (K,, K, K) and k € {1,2,...,r}. Thus,
In this section, we asymptotically analyze the performanggm (4) we can obtain the corresponding SINR for #héh

of the massive MIMO relay with hybrid processing in two dedgestination in the case that the number of antennas in@ease
icated subsections: section IlI-A assuming ideal (comirs) \ithout bound

phase shifters, and section IlI-B assuming phase quaiatizat

L ARGE N ANALYSIS

(AF)* Pua®ni, 3
A. Ideal (continuous) phase shifters SINRy, — Xz -

! _ _ _ T)2o% 0ty + o3,
We now briefly review some a_lsymptotm results that will be In the following, we investigate three power scaling strate
particularly useful in our analysis.

. gies and draw very interesting engineering insights. Oai-an
Lemma 1. Let p andq be twon x 1 mutually independent ysjs can be divided into three main cases, namely, Case 1)
vectors whose elements are i.i.d RVs with varianegsand fixed NP, and NP, while N — co; Case 2) fixedN P,

o2, respectively. Then, based on the law of large numbers, Waile N — oo: Case 3) fixedV P, while N — oc.

(15)

have

1) Let Nlim NP, = F, and Nlim NP, = E, where both
—00 —00
1pHp =% 02 ,and quq %07 a8 n—oo (9) E, and E,. are finite constants. Then, from (8) we can
n

n
where®% indicates almost sure convergence. Moreover, based
on the Lindeberg-Lévy central limit theorem we can write

1 dist,
where %% shows the convergence in distribution.

We can now turn our attention to the analog processing
matricesF; andF, which satisfy the following relationship

Lemma 2. As N — oo, the matricesF; F{ and alsoF,F#
converge pairwise to the identity matrix as follows

F P 2% 1

FoFi 2% 1,

(10)

2)

(11)

Proof. See Appendix I. O

Lemma 3. As N — oo, the analog phase shiftdr;, preserves
the distribution of the AWGN noise due to its orthonormal
rows.

Lemma 4. Let us definel, ;, € C**t as ana x b diagonal
matrix whose first- elements on the main diagonal dreand
the rest ard). Then,

Nm
FH — TIKT,K -
a.s, N
F2H2 — _IKhK,’I‘z (12)

4
wherer; = min (K., K) andre = min (K, K).

get
E,

(3)3E; Zl ni.m2, + (§)%02, Zl 172
(16)

which finally yields (17) shown at the top of next page.
As a consequence, under a full CSI assumption we
can reduce the transmitted power and also relay power
proportionally to% if the number of relay antennas
grows without bound. This result is consistent with [20].
Let lim NP, = E,, whereE,, is a finite constant.

N —o00
Then,_?eturning to (17) and after a few simplifications
we obtain

N3a?2 =

z Eunlk
4 o2

nR

which is associated with the following average spectral
efficiency

SINRy, — (18)

Ry — %ngz (1+%%) (19)

k=1 nR
The above result is quite intuitive. It shows that if the
number of RF chains is, at least, equal to the number of
users, i.emin(K,, K;) > K or equivalentlyr = K,
we can enjoy full multiplexing gain and boost the
achievable spectral efficiency. Moreover, in comparison
with a single-input single-output (SISO) system without



(2)EuEm2 3,

SINR;, — ’ _
(%)ETU?IR??MU%;C + (%)EUU%D z%nin% + 0'72130'72113 2%#7%
i= i=

ke{1,2,---,r} a7)

any intra-cell interference, our system model only suffefBue to the uniform distribution of phase, we can easily con-
a 7-fold reduction on the power gain due to the analoglude that the error is an uniform RV, i.e,, ,, ~ U[—0, +6),

processing. All in all, this power gain penalty is quitgyhere we defing 2 . This error affects Lemma 4, and in
acceptable as we have eliminated many relay RF chaifygin, the average spectral efficiency. For this reason, we pr
and consequently, we have substantially reduced tjgie the following lemma to account for phase quantization.

circuitry comple>_(|ty and power consumption. Similar t ma 5. Let F, and E denote the analog detector and
Case 1, we can infer that we can scale down the transmi

ecoder, respectively. Then,
power analogously to the number of relay antennas arPcE, P Y
still, maintain a non-zero spectral efficiency.
3) Let lim NP. = E,, where E, is a finite constant.

N , . :
Then,_>vv°3 can find out the average spectral efficiency in
the same way as pointed out in Case 2 to get

al a.s. N .
FH, = Tﬂsmc(é)IK“K,n

FQHQ ﬂ % SinC(é)IKhK,rz (23)

where we definginc(s) 2 2

1 < E.ni 3
Ry — = Zlogg 1+ Z# . (20) Proof. The results follow trivially by using the methodology
2 1, ) . !
k=1 o2 > Ni,m2 outlined in Appendix II. O
=1

It is noteworthy that if we ignore large-scale fading NOW: We incorporate Lemma S into the system model and
effects, we get the same results in Case 2 and %gnal description. The modified normalization factorcan

However, Case 3 converges faster than Case 2 to its oy found at (24) on the top of next page. Furthermore, the
asymptotic result. This can be observed from (17). Ichived signal for thé-th destination can be obtained from

Case 2, we can ignore the constant tétpa? 11,73, in the following formula
comparison withE,,o2 >, 13 12, even for moderate

. R . . N2
n_umber of antennas. In contrast, in Case 2 a much 90, =/ Pa Slnc4(5)a(7) N2, 1, Tk (25)
higher number of antennas is required to ignore the .
constant termk, o >, 17,12, VS. the scaled term +(¥)5 sinc®(8)a 12,12 ng, + Ny -
k

B0}, m,m3, in (17).
o Phase quantization also affects the power scaling stegtegi
B. Phase Quantization considered in Cases 1-3 above. The corresponding restlts fo
Until now, we have assumed ideal analog phase shiftatese three cases under quantized analog processing can be
(beamformers) which generate any required phases. Howewesdified as shown in (26) (on the top of next page), (27) and
the implementation of such shifters with continuous phages), respectively.
is not feasible or, at least, is quite expensive due to hard-

ware limitations [12]-[15]. Most importantly, quantizedadog Ry — 1 3 log, (1 + f% sinc2(§)). (27)
beamformers are more attractive in limited feedback system 24 4 Ong

[16], [21]. In the rest of this paper, the system performance
will be assessed under quantized phases. Thus, the phase % 1 0 Eﬂﬁ,ﬂ%k
each entry off'; andF; is chosen from a codebook based 377 9 ZlOgQ T+ r

on the closest Euclidean distance. h=1

sinc? (5)) . (28)
Tip 2 i, 12

U= {0 1(2_”) 12(2_7T) i26—1(2_7r)} (21) Taken together, these results indicate a penalty functeoc-
A28 28777 26 ated with quantized processing. Roughly speaking;?(9) is
where, 3 denotes the number of quantization bits. Aa good approximation of this power gain penalty. In a worst
pointed out previously, the channel coeﬁicierﬁ@l]myn and case, where we have only one quantization bit= 1, the
[G2], . all have uniform phase betwe@rand2r, such that SINR will be reduced by a factor ofnc®(%) = & ~ 40%.
4@47’7” = ¢mm ~ U(0,27), for i = 1,2. Let us define AS pointed out in [12], a reasonable rule-of-thumb is to add
emm @S the error between the unquantized phase, and bit resolution while the number of antennas doubles, since
quantized phasé,, ,, chosen from the codebook beam width is inversely relative to the number of antennas.

A 2 22 IHereafter, we use a hat sign for the variables that are aedcwith the
€m,n = ¢m=” - ¢m” ( ) quantized beamforming assumption.



. b
a — 5 (24)
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. 1 (Z)2sinc®(8) ELErn? 13
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Fig. 2. Average spectral efficiency in Casg K, = E, = 13 dB). Fig. 3. Average spectral efficiency in Casg 2, = 13 dB, P, = 13 dB).
IV. SIMULATION RESULTS in spectral efficiency but substantially reduced compjexit

) ] ) ) ) However, this reduction in spectral efficiency can be com-
In this section, Monte-Carlo simulations are pr_owded tBensated by deploying more antennas at the relay without
assess the validity of the average spectral efficiency of5@y aqditional RF chains. Hence, this promising idea seems
multipair relay system. We assume that the relay covers@pg 5 yiaple alternative to conventional relaying topieg
circular area with a radius af000 meters. Users are locatedy o reqver, this figure examines a more restricted case, where
with a uniform random distribution around the relay with @ e is a severe phase control on beamformers with Dbly

guard zone ofr, = 100 meters. We consider a Rayleigh flateqq|ytion. Results confirm that the proposed method suffer
fading channel for small-scale fading effects. Also, thrgéa a negligible reduction. Figures 3 and 4 demonstrate similar

scale fading is modeled via a log-normal RV, with standaidgis for Case and3, respectively. Clearly, as the number
deviation o, which is multiplied by (%:)" to model the

) ] 9 of relay antennas increases, the average spectral efficienc
path-loss as well. Herey, is the distance between thieth  555-0aches to the saturation value which is expected by our
user and the relay, and alsodenotes the path loss exponeniyoyer scaling laws. Note also that the curve scales much

Without loss of generality, we set; = 0'72113_: L, v=3.8, glower in Case in comparison with Case 1 and 3.
K, =K, =K =10 ando,, = 8 dB for all simulations.

Figure 2 compares the performance of full-dimensional V. CONCLUSION
topology, where all amount of detection/precoding is per- Massive MIMO is a major candidate for the next generation
formed in the digital domain, against that of hybrid topglogof wireless systems. This technique combined with relays ca
with continuous and quantized analog processing. A fukknhance the cell coverage while it enjoys a simple signal
dimensional massive relay is equipped/ByRF chains which processing at the relay. On the other hand, the high cost and
seems to be infeasible in practice, while this number isecedu power consumption of RF chains can be prohibitive due to
to only K = 10 in the hybrid structure. Moreover, a hybridthe large number of mixers and power amplifiers. For this
relay deploys two inexpensive beamformers which can lbeason, we used an analog/digital (hybrid) structure atetasy
actually implemented in the analog domain with phase giifteand also reduced the number of RF chains analogously to the
It can be also observed that the hybrid scheme performs veymber of users while the system still enjoys a full multi-
close to the conventional scheme, with aboub reduction plexing gain. Finally, we analytically quantified the syste
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