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Abstract—The performance of full-duplex (FD) decode-and-
forward (DF) relaying systems for point-to-point multi-antenna
transmission is considered. Three different relaying schemes are
investigated: co-located, distributed cooperative and distributed
non-cooperative. To mitigate the effects of loop interference (LI)
caused by FD operation at the relay, a digital cancellation scheme
based on pilot-aided channel estimation is used. Asymptotic
analysis shows that all considered systems are inter-pair and LI
free when the number of antennas at the source and destination
grows without bound while the relay has a finite number of
antennas. More careful analysis of the achievable rate reveals,
however, that the LI has a significant impact on the performance
of finite sized systems. The numerical results illustrate that
non-cooperative distributed relaying suffers severely from FD
operation under realistic scenarios, while cooperation allows for
efficient LI cancellation and improved spectral efficiency over
half-duplex (HD) systems. The results also demonstrate that the
optimal number of antennas used by a FD relay is only 10%—
30% of the size of the array used at the source and destination,
while HD relaying benefits from fractions of up to 50%.

I. INTRODUCTION

Full-duplex (FD) relaying has been intensively studied in
recent years due to its ability to double the spectral effi-
ciency of half-duplex relaying under optimal conditions [1],
[2]. The improvement in spectral efficiency is obtained by
simultaneously transmitting and receiving signals in the same
frequency band [3], so that the precious frequency and time
resources do not need to be shared as in half-duplex (HD)
systems. However, short distance between transmit and receive
antennas in the FD device causes strong self-interference,
or loop interference (LI), that can severely degrade the per-
formance of FD systems. Thus, effective loop interference
mitigation schemes are needed for the FD systems to operate
optimally. Recent studies have shown that a combination of
hardware implementations, such as array placement and cross-
polarization, along with analog and digital LI cancellation
schemes can mitigate LI to a tolerable level [1], [4], [5]. In
addition to FD transceivers, the future wireless networks will
almost surely rely on multiple-input multiple-output (MIMO)
techniques to take advantage of the enormous multiplexing and
array gain offered by rich scattering wireless environments.
Indeed, combination of these two techniques for relay channels
has been an active field of research recently (see, e.g. [1], [6],
[7] and references therein).

In this paper, a decode-and-forward (DF) relay system is
considered. The relaying is carried out either by a single relay
node with multiple co-located antennas, or a set of individual
distributed nodes that may operate cooperatively or fully
independently. In case of geographically distributed nodes,
inter-relay cooperation facilitates the relay stations to exchange
information that can be used, for example to cancel LI, at the
cost of processing delay and additional bandwidth [8]. On the
other hand, single relay node equipped with multiple antennas
will suffer from more serious initial LI since the antennas are
closely placed, but does not suffer from difficulties in acquiring
information needed for LI cancellation.

Given the three scenarios described above, some interesting
questions arise: 1) Does the attenuation provided by the
propagation environment mitigate LI sufficiently, so that a
simple distributed solution with no cooperation works effi-
ciently in FD mode; 2) Are there any scenarios where simple
HD relaying is more effective than using FD; 3) How many
antennas should the relay node(s) be equipped with, given
that the source and destination have (relatively) large antenna
arrays. Especially the last question is not trivial since while
it is clear that configuring more antennas at the relay will
provide higher multiplexing gains, transmitting large numbers
of pilots for channel estimation in turn degrades the spectral
efficiency and potentially increases the LI in FD mode.

The present work analyzes the above questions under the
assumption that the source and destination employ linear
processing adhering to the ‘“Massive MIMO” principles [9]—
[11]. Similar system, but with a large antenna array at the relay
node instead of the source and destination, was studied in [6],
where it was shown that while the LI vanishes asymptotically,
it can still cause significant problems for FD operation in
finite sized systems. Our results show that the “mirror image”
scenario studied herein exhibits a similar behavior, that is, the
interference vanishes asymptotically for all considered scenar-
ios, but is far from negligible for realistic system sizes. This
leads to a conclusion that a system based on non-cooperative
distributed relay nodes is a viable solution in practice only
when placed very far apart so that LI between the nodes is
heavily attenuated. The numerical results also demonstrate that
the need for channel estimation based LI cancellation leads to
relatively small FD relay antenna numbers of around 10%-—
30% of the antennas employed at the source and destination.



II. SYSTEM MODEL

Consider a decode-and-forward relaying system depicted in
Fig. 1. where the source (S) and destination (D) are equipped
with M antennas each. We assume that the direct link between
the source and destination is blocked, so that a relay node
(R) is needed in-between to facilitate the transmission. Herein
two types of FD relaying strategies are considered: 1) a
single relay station with 2K antennas (co-located) and 2) a
set of K individual relay stations equipped with 2 antennas
each (distributed). Under both scenarios, the relay(s) operate
in FD mode by using each antenna either for transmitting
or receiving but not both at the same time. The co-located
relay station in this study can always process signals jointly,
while the distributed setup can be either cooperative or non-
cooperative. The source operates always in HD mode.

At time instant ¢, the received signals at the relay and
destination are given by

Yr = VpsGLEpx[i] + VprGrr(s[i] + ug) + 0, (1)
yp = /PrGrp(s[i| + ug) + n)p, 2

respectively. The transmitted signals x[i] € CM*1, s[i] €
CE*1 satisfy power constraints E{|x[i]|?} = E{|s[i]|*} = 1
so that pg and pgr are the total transmit powers of the source
and relay. GL, € CE*M and Ggp € CM*X represent the
S—R and R—D channel matrices, respectively. We assume
TDD operation and reciprocity so that the R—S channel is
Gsg. For the S—R and R—D links, we let G, = H*Di/z,
where the entries of H, are i.i.d. standard complex Gaussian
random variables (RVs) representing small scale fading. The
large scale attenuation is modeled by diagonal matrices Dgg
and Drp whose kth diagonal entries are denoted Sspr r and
Brp,k, respectively. The LI matrix Grp € CK*K has inde-
pendent circularly symmetric complex Gaussian (CSCG) ele-
ments, where the kjth element has variance SBj; = E{|gx;|?}.
Throughout the paper we assume that the variance of diagonal
elements gy of the LI channel are the same for all nodes, i.e.
Brr = [ Vk since they are always located in same device
and, thus, close to each other. By the same argument, in the
co-located case (single relay node) we have B; = 8 Vk, j.
Finally, the elements of the receive-side noise vectors n’R
and n’, are i.i.d. standard complex Gaussian RVs. The system
model also encompasses transmit-side noise that is modeled
by vector ur whose entries are i.i.d. CSCG RVs CA(0,02)
[12]. For simplicity, we denote the combined transmit- and
receive-side noise terms at the destination and relay as

np =0 + /prGrpup, 3)
np =ny + /prGRrRrUR, €]

respectively. Since the receiver knows only the statistics of
the channel a priori, we take the worst case scenario for the
channel estimation, where the noise is spatially uncorrelated
CSCG and independent of the channel. The variance of the
kth element in np and np are given by 0%, = pro. (8 +
>k Brj)+land of, = proi 3= Brp i+ 1, respectively.
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Fig. 1. Full-duplex relaying with distributed relay nodes.
A. Channel Estimation

Block fading channel with coherence time of T symbols is
considered. Pilot-aided channel estimation is used to obtain
the instantaneous channel state information (CSI) needed for
precoding at the source, loop interference cancellation at the
relay and detection at the source. If ¢, symbols are allocated
for pilots, then t; = T — ¢, symbols are available for data
transmission. There are two phases in pilot transmission,
which take ,1, t,2 symbols each, so that ¢, = t,1 + tpo.

1) Channel estimation for precoding at the source: The
antennas in the relay station that are used to receive the data
transmissions from the source send orthogonal pilot sequences
&g € CKXt1 to the source. To satisfy the power constraint
and guarantee orthogonality, we require ®s®f = %I with
tp1 > K. The received pilot matrix at the source reads

Ys = /tp1pp1Gsr®s + Ng, )

where t,1p,1 is the total energy consumed in this training
phase at the relay(s). The source estimates G g and uses it for
precoding, owing to the reciprocity provided by the TDD op-
eration. Analogous to the R—D link and (3), the noise matrix
Ny in (5) has independent CSCG entries with the elements in
the kth row having variance o) = %pplai >k Bsrk + 1.

2) Channel estimation for decoding at the destination and
LI cancellation at the relay(s): Just like the source node
above, the destination estimates the channel G rp based on
orthogonal pilot sequences ®p € CX*X'»2 transmitted by
the relay. We let ¢,00,2 to be the total energy consumed
in this training phase. At the same time, the relay estimates
the LI channel from the same pilots. By (3) and (4), the
noise matrices during this training phase are as in (5), i.e.,
independent CSCG entries with kth row’s elements having
variances O'g,k = t’%ppgag >« Brp,x+1 for destination and
oR ) = 2o (B+ > 12; Brj) + 1 for the relay.

Having described the signal model in the training phase, we
now assume that the minimum mean square error (MMSE)
channel estimator is used at all nodes to obtain the instanta-
neous channel estimates G SR» G rD and G RrR- By the proper-
ties of the MMSE estimator [13], the error G* =G, — G* is
uncorrelated with the estimate and they both have independent
CSCG entries. The LI error matrix G g has then independent
CSCG elements with the variance of the kjth element being

By = o
! tp?f’p?ﬂk'j/KUg,k +1

(6)



The error matrices és r and G rp have independent CSCG
elements, the variance of the entries in the kth column being

s BsR,k

Bsrk = : ) @)
tplﬂplﬁSR,k/KUg,k +1

~ ﬂ )

BrD.x = ROk (8)

thPpQﬁRD,k/KUg)k +1’

respectively. The properties of the MMSE estimator also
guarantee that 5, = 8. — B, holds for all channels.

B. Data Transmission

After training, data transmission phase ensues and the
source uses Ggg to carry out linear precoding [9], [11]

x[i] = Amli], 9)

of the information vector m[i] € C¥ intended for the desti-
nation. Here we focus on matched-filtering (MF) precoding

(10)
(1)

Ayvr = anrGyp,
1

AMF = — )
VK 2ok=1 BsRk

for simplicity, where a,;r guarantees that the long-term
transmit power constraint E{|x[i]|?} = 1 is satisfied.

By (1) and (9), the the kth relay node (or kth antenna
element in the co-located setup) receives the signal

K
yrklil = VPsgsrparmilil+ Y \/psghrajm;lil
=Lk

desired signal

inter-pair interference
T .
+ VPRERR kSI] + 1Rk
N—— =

loop interference noise

(12)

where gsr 1. 8rR,, and ay, are the kth column of Gsgr, Grr
and A, respectively, and my[é] is the kth elements of ml[i].
For all FD cases, some form of LI cancellation is then applied
before detection and decoding. More precisely, we express the
cancellation at the kth node / antenna as

Yrklil = yr.kli] — cli], (13)

where ci[i] is a function of §rp . After LI cancellation,
the details of which will be presented in the next subsection,
information from y’, , [i] is decoded' to sy [i] and sent forward
(after re-encoding) to the destination. We note that following
the common assumption in decode-and-forward relaying there
is a processing delay d > 1 symbols at the relay

s[i] = m[i — d], (14)

so that for any time ¢, transmit signal signals at relay stations
are uncorrelated with receive signals [1].

I'The relay does not know the instantaneous (pre-coded) channel since it is
not estimated at any stage. Indeed, estimating the S—R channel at relay would
require another training period that could be prohibitively long if M > 1. We
follow the method proposed in [9], where the relay knows only the average
precoded channel coefficient(s) E{ggRY %k} See also Section IV.

After receiving the signals from the relay node(s), the
destination uses linear estimation to separate the streams, so
that the kth information stream after estimation reads

rp.ki] = /PRWE SRD 1Sk 1]

K
. (15)
+ Z VPsWigRD j8;i] + Wi np,
i=1,#k

where grp . represents the kth column of matrix Grp. For
simplicity, we concentrate in this study on the MF based
estimation so that wi, = grp ;.

C. Loop Interference Cancellation

Let us now consider the details of the two LI cancellation
schemes used in this paper for relaying.

1) Cancellation scheme for cooperative relay stations: If
one relay station with multiple antennas is used, it is clear
that the device has full knowledge of the received data y g, the
transmitted signal s[i] given in (14) as well as the estimated
CSI Gprp discussed in Section II-A. All of the above can
be obtained virtually without delay using internal circuitry. In
principle, cooperative distributed relays can also obtain the
same information if dedicated control channel with sufficient
capacity is available for them. In practice, the information
needs to be quantized and there might be delays due to
transmissions, albeit the latter should not cause problems if
the relays operate with buffers and the initial transmissions are
“ramped up” appropriately. Here we assume for simplicity that
the control channel can be used instantaneously and perfectly
to share the transmitted symbols and estimated CSI. However,
it should be noted that this is a highly optimistic scenario that
provides an upper bound for the performance of a practical
system using quantization and finite capacity control channel.

For the cooperative relaying, the LI cancellation factor is

cli] = VP8R .islil, (16)

so that by (13), the received signal at the kth node, or antenna
stream in colocated case, after cancellation reads

K
Yrilil = VosgErrasmilil + Y \/Ps8ER am;li]

j=1,j#k
+VPR&Rr kSl + nR ks (17)
N———’
LI;""p

where 8rr i, 8rr; are the kth columns of the estimation
error matrix G rr and the channel estimation matrix G RR»
respectively, both of which have i.i.d. CSCG elements whose
variances are as discussed in Section II-A. We denote the
remaining LT as LIS £ /5rgh . s(i] for later use.

2) Cancellation scheme for non-cooperative relay stations:
While non-cooperating relay stations can estimate the channels
that cause LI, they cannot obtain the transmit signals of other
stations. Thus, only loop interference from the kth station
itself can be cancelled by using the estimated CSI and the
interference from the other stations remains. This means that

celi] = \/PsIrR kkSk[i] (18)



is used to cancel the loop interference caused by the node’s
own transmission while the inter-node interference remains
unaffected. The received signal at the kth relay node reads

Yr.xli] = \/pS'gS’R kAR [0 Z vPSgSR k1M ]
j=1,j#k
+ V/PRIRR kkSki Z VPRIRR kS +np K, (19)
I=1,1k
Lo

where~ 9grR,i; and grr;; are the ijth elements of Ggrpr

and Gpgpg, respectively. The transmit symbol of the kth

Lo . . A
relay station is sg[i ] As before, we write LI} =

\/ﬁgmg kkSE[E] + Zz 112k VPRIRR kis1[i] for the residual
LI in the case of non-cooperative relaying. It is clear that
LIt > LI;° and the question whether the LI is dominating
in non-cooperative setup depends mostly on how strong the
channels grr 11 between the relay nodes are.

III. ASYMPTOTIC INTERFERENCE ANALYSIS

We now investigate the asymptotic region where the number
of antennas at the source and destination grow without bound
while the number of relay antennas is fixed and finite.

Proposition 1. Assume that MF processing with estimated
channel is used for precoding at the source, and estimation
at the destination. Assume further that the LI cancellation
schemes described in Section II-C are not used. Then, as

K/M — 0 for fixed K,
VM

a.s ps
25— ———Bsram (20)
50 Bsr sl
T’Dk-[i]

M & JPRBRD k5[], 21

YR,k[1]

where % denotes almost sure convergence and yg i[i] is
the received signal at the kth station before loop interference
cancellation for any of the considered relaying schemes.

The proposition implies that regardless of the relaying
scheme, if massive antenna arrays are used at the source and
destination then the system is free of both LI and inter-stream
or inter-pair interference. This is an analogous result to the
one obtained in [6] for a system that was a “mirror image” of
the one considered in the present paper.

Proof: The received signal yg ;, in (12) for MF reads

ps ggR,kggR,k mli]
o
% > ket Bsrk M

>

ggR,kggR,j .
il
j=1,j#k | K Zk 1 6SR k

n vV pRgER’ks[i}
v M

YRkl

VM

NR,k
+

Niva

Due to the properties of the MMSE estimates and the fact
that the channels have CSCG elements, §sr 1 and gspr,j are
independent. By applying the strong law of large numbers [14],
the first term in (22) becomes

ps ggakgf@mk + gg&kgz‘R,k il
——
% ko1 PSRk M o3
E) p—SﬁSkak[] as M — oo.
K Ek 1 BSR k

Similarly, since gs g 1 and gsp ; are independent for k # j,
the inter-pair interference term in (22) converges almost surely
to 0 when M — oo. Moreover, the third term representing
LI also approaches 0 almost surely, when M — oo, since
ggR’ks[i] is a summation of K random variables that are
almost surely finite. Finally, we note that the noise term is
almost surely finite and converges to zero when divided by
M that grows without bound. Therefore, even without LI
cancellation the received signals at the relay are interference
and noise free. The proof of (21) is similar and omitted. H

IV. ACHIEVABLE RATE ANALYSIS

The asymptotic result in Proposition 1 shows that the
considered systems can operate free of noise and interference
in the limit M — oo. However, the question how the
performance of finite sized systems behaves still remains.
In particular, we are interested in the achievable rate of the
relaying schemes when MF processing and the LI cancellation
schemes proposed in Section II-C are used.

Since the relay station does not know the instantaneous
CSI and instead uses statistical channel gains, the “effective”
received signal at relay station k can be expressed as [9]

Y% pSE{ggR,kak}mk (4]

desired signal
+ VPs(85r rar — B{gtp pan})muli]

noise

K
+ > VpsgSriam;lil + LI + gk,
=Lk

YRkt =

(24)

noise
where E{gsr rax} is the statistical channel gain and LI}, =
LI for non-cooperative relaying and LI, = LI;’ for
cooperative relaying. The destination, on the other hand, has
an estimate of the instantaneous CSI, i.e. §rp  that it uses
for detection, so that we have the signal at the destination as

VORWE 8 RD kSK[i] + /PRWE &RD K5k 1]

desired signal noise

TDJC[Z'] =

i (25)
+ Y /pswi'grp.s;lil + winp.
Jj=1,j#k

noise
By using the fact that the worst case noise is when the additive
noise and interference terms are independent of data with



CSCG distribution of the same variance [15], the achievable
rate for the kth stream of S—R link is lower bounded by
(26) shown at the top of the next page, where we denoted
c(z) 2 logy(1 + «) and Pry; = E{|LI}|} for notational
convenience. By the same arguments we obtain a lower bound
for the achievable rate of the R—D link as given in (27) at
the top of the next page. It should be pointed out that these
equations are valid also for other precoders / estimators such
as zero-forcing (ZF), but they are not considered here due to
space constraints.

Since the ergodic achievable rate of the kth stream is limited
by the rate of the weaker link rate, the end-to-end rate of the
kth stream is given by

Ry, = min{Rsgr x, RrD K} (28)

While the rates can be obtained through Monte Carlo sim-
ulation, it can still be time consuming. For this reason, we

provide next a simple approximation for the achievable rate
when MF is used both for precoding and detection.

Proposition 2. Assume that MF processing with estimated
channel is used at the source and destination. Assume further
that the relay uses the LI cancellation schemes described in
Section II-C. The end-to-end achievable rate for the source-
to-destination link with DF relaying is then approximated as

2
R;JCWF =c min{ pSﬁSR’k 5 = )
(psBsrk + Prr, +0%) >k Bsrk
prBrRDE(M +1) }
PR Y5 PrDk — PRBRD K + K

where the remaining loop interference power PLI; is given
for the different relying strategies as

(29)

pRB ) co-located;
Pry = '%R(Bk + EJK:L#,C Bkj), cooperative; (30)
pr(Bk + Eﬁil’#k Bkj), non-cooperative.
Spectral efficiency of the system reads then
T =ty — ty —
SEMP = ——2 % R 31)
k=1
Proof: Omitted due to space constraints. [ |

V. NUMERICAL RESULTS

Here the performance of finite-sized systems is investigated
via numerical examples. Unless stated otherwise, the nor-
malized transmit-side noise variance is 02 = 1073/K that
corresponds to EVM = —30 dB, and the coherence time
is set to 7' = 200 symbols. For simplicity, we assume that
the large scale fading of all S—+R and R—D links are equal,
i.e. Bsrr = Brp,r = 1 Vk. For co-located relay the self-
interference channel strength is constant between all antenna
pairs B;; = 20 dB. In distributed case Sy = 20 dB and the
inter-node interference power f(; Vk # j is assumed to be
identical between all node pairs for simplicity. We set equal

average transmit power constraint for source and relay (shared
between the distributed nodes) and let the pilots and data have
the same average powers so that p = pg = pr = pp1 = pp2
represents also the signal-to-noise ratio (SNR) of the system.

Fig. 2 shows the spectral efficiency of the system as a
function of transmit power p (or SNR). The analytical results
based on Proposition 2 match well with the Monte Carlo
simulations depicted by the markers. The result demonstrates
that if the channel estimation based LI cancellation can be
done jointly over all antennas, FD has significant advantage
over HD at moderate-to-high SNR. For distributed setup where
only device’s own LI can be cancelled, the remaining inter-
pair interference channel strength of 5;; = 10 dB is too strong
in this scenario for effective operation in FD mode.

The effect of inter-pair interference channel power [y
on the spectral efficiency is illustrated in Fig. 3. The co-
located and HD setups are independent of §i; and distributed
coordinated system depends on it only weakly. As expected,
the fully distributed setup with independent FD nodes is
superior to HD only when f3;; is small, here around 5 — 6 dB.
This implies that independent FD nodes should be spaced very
far apart of each other, or blocked by large obstacles. If this
is not possible and co-located single device is not an option,
then distributed HD relaying is a more design effective option.

The optimal number of antennas at the relay(s) for a given
size of the antenna arrays at the source and destination is
illustrated in Fig. 4. The results are obtained through exhaus-
tive search using Proposition 2, which has low computational
complexity since the rate is given in closed form. The results
show that HD relaying benefits from large antenna numbers,
up to 50% of the antennas used by the source and destination.
As expected, the ratio diminishes as M increases since the
coherence time 1" = 200 is fixed. It is worth noting that the FD
relaying uses only 10%-30% of antennas even in cooperative
case, the reason being training overhead and additional LI
caused by larger K. Thus, for relaying between two nodes with
large antenna arrays, relatively small sized relay nodes achieve
optimal performance in FD case. On the other hand, for HD
relaying up to twice the number of antennas are required at the
relay to obtain the best performance. Further improvements
in the FD case may be achieved by optimizing the power
allocation between data and pilots [16] or using spatial LI
suppression [1], [17] in case of cooperative relaying.

VI. CONCLUSION

In this paper, the performance of co-located, distributed co-
operative and distributed non-cooperative full-duplex relaying
schemes for point-to-point MIMO with large antennas were
investigated. Asymptotic analysis showed that all considered
schemes are interference and noise free when number of
antennas at the source and destination grows without bound,
even when no LI cancellation is performed at the relay.
Analytical achievable rate analysis and numerical examples for
MF showed that given effective LI cancellation, FD operation
can provide significant gains over HD relaying with a smaller
antenna array at the relay node.
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depict analytical results and markers correspond to Monte Carlo simulations.
(Bkr = 20 dB, By; = 10 dB, M = 100 and K = 10)

30

N = <
E 25 F = ~.
2] \‘\
z .
Z TS
2207 ~.
> N
3 .
g5t S
i k- - — — — —~ ——— -
5] N
Hoof >
= ——— Distributed cooperative ..
E —— Co-located
L 5t — — Half Duplex
0 —-—- Distributed non-cooperative

0 1 1 1 1

-10 -5 0 5 10

B, [dB]

Fig. 3. Spectral efficiency vs. By, for different relaying schemes. (p = 10 dB,
Brr =20 dB, M =100 and K = 10)

REFERENCES

[1] T. Riihonen, S. Werner, and R. Wichman, “Hybrid full-duplex/half-
duplex relaying with transmit power adaptation,” IEEE Trans. Wireless
Commun., vol. 10, no. 9, pp. 3074-3085, Sept. 2011.

[2] A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan, and
R. Wichman, “In-band full-duplex wireless: Challenges and opportuni-
ties,” IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1637-1652, Sept.
2014.

[3] D. W. Bliss, P. A. Parker, and A. R. Margetts, “Simultaneous trans-
mission and reception for improved wireless network performance,” in
Proc. IEEE Works. on Statistical Signal Processing, Aug. 2007.

[4] M. Duarte, A. Sabharwal, V. Aggarwal, R. Jana, K. K. Ramakrishnan,
C. W. Rice, and N. K. Shankaranarayanan, “Design and characterization
of a full-duplex multiantenna system for wifi networks,” IEEE Trans.
Veh. Technol., vol. 63, no. 3, pp. 11601177, Mar. 2014.

0.6
—>¢— Distributed cooperative
0.5F —x— Co-located
N\ N —x— Half Duplex
= 04} N — - Distributed non-cooperative
~
g
=03
E
2
o 02
0.1
O 1 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500
M

Fig. 4. Optimal K/M vs. M for different relaying schemes. (p = 10 dB,
ﬂkk = 20 dB and Bk] =10 dB)

[5

-

E. Everett, A. Sahai, and A. Sabharwal, “Passive self-interference
suppression for full-duplex infrastructure nodes,” IEEE Trans. Wireless
Commun., vol. 13, no. 2, pp. 680-694, Feb. 2014.

H. Q. Ngo, H. A. Suraweera, M. Matthaiou, and E. G. Larsson, “Mul-
tipair full-duplex relaying with massive arrays and linear processing,”
IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1721-1737, 2014.

X. Xu, X. Chen, M. Zhao, S. Zhou, C. Y. Chi, and J. Wang, “Power-
efficient distributed beamforming for full-duplex MIMO relaying net-
works,” IEEE Trans. Veh. Technol., vol. 66, no. 2, pp. 1087-1103, Feb.
2017.

M. Wu, W. Xue, D. Wiibben, A. Dekorsy, and S. Paul, “An improved
inter-relay cooperation scheme for distributed relaying networks,” in
Proc. ITG Workshop on Smart Antennas (WSA), Mar. 2012, pp. 62-69.
J. Jose, A. Ashikhmin, T. L. Marzetta, and S. Vishwanath, “Pilot
contamination and precoding in multi-cell TDD systems,” IEEE Trans.
Wireless Commun., vol. 10, no. 8, pp. 2640-2651, Aug. 2011.

H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral effi-
ciency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436-1449, Apr. 2013.

L. Lu, G. Y. Li, A. L. Swindlehurst, A. Ashikhmin, and R. Zhang,
“An overview of massive MIMO: Benefits and challenges,” IEEE J. Sel.
Topics Signal Process., vol. 8, no. 5, pp. 742-758, Oct. 2014.

E. Bjornson, P. Zetterberg, M. Bengtsson, and B. Ottersten, “Capacity
limits and multiplexing gains of MIMO channels with transceiver
impairments,” IEEE Commun. Lett., vol. 17, no. 1, pp. 91-94, Jan. 2013.
S. M. Kay, “Statistical signal processing,” Estimation Theory, vol. 1,
1993.

H. Cramér, Random Variables and Probability Distributions.
bridge University Press, 2004, vol. 36.

B. Hassibi and B. M. Hochwald, “How much training is needed in
multiple-antenna wireless links?”” IEEE Trans. Inf. Theory, vol. 49, no. 4,
pp. 951-963, Apr. 2003.

M. Vehkapera, T. Riihonen, R. Wichman, and B. Xu, “Power allocation
for balancing the effects of channel estimation error and pilot overhead
in full-duplex decode-and-forward relaying,” in Proc. IEEE Works. on
Sign. Proc. Adv. in Wirel. Comms., July 2016, pp. 1-5.

M. Vehkapera, T. Riihonen, and R. Wichman, “Asymptotic analysis of
full-duplex bidirectional MIMO link with transmitter noise,” in Proc.
IEEE Int. Symp. Pers., Indoor, Mobile Radio Commun., Sep. 2013.

[6]

[7

—

[8

[t}

[9

—

[10]

(11]

[12]

[13]

[14] Cam-

[15]

[16]

[17]



