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Abstract—In 6th generation (6G) communication networks,
ultra-high data rate and reliability are greatly vital for massive
user connections and network sensors such as Internet of Things
(IoT) devices. Simultaneous Wireless Information and Power
Transfer (SWIPT) has been evolved as an efficient strategy to en-
hance the reliability of wireless communication systems through
prolonging the battery lifetime by harvesting energy from the
received radio-frequency (RF) signals. Furthermore, cooperative
relay sensors in IoT networks can extend the network coverage.
In this paper, we consider a massive multiple-input multiple-
output (MIMO) two-way relaying system, where the relay node
splits the received RF signals into two power streams, one for
information decoding (ID) and the other for energy harvesting
(EH). Two classical and linear relay precodings, i.e., zero-forcing
reception/zero-forcing transmission (ZFR/ZFT) and maximum-
ratio combining/maximum-ratio transmission (MRC/MRT), are
adopted to satisfy the requirements of high-rate in this relay
system. Different from prior work, the SWIPT technique and
large-scale fading effects of MIMO channels are taken into
account for deriving the asymptotic sum-rates of four prevalent
power scaling cases when the number of relay antennas grows
to infinity. Finally, the analytical results are evaluated by the
presented simulation and numerical results.

Index Terms—Massive MIMO, SWIPT, two-way relaying,
ZFR/ZFT, MRC/MRT.

I. INTRODUCTION

RIVEN by the explosive growth and the massive access

of smart devices, ultra-reliable and green communi-
cation technologies will be desired in 6th generation (6G)
communication networks which provide fast connections and
applications [1], [2]. The Internet of Things (IoT) is expected
to be as a crucial component of the 6G wireless networks. With
the growth of 10T, tens of billions of IoT devices will connect
the wireless networks to supply various applications, e.g.,
industrial communication, e-health care and smart city [3], [4].
It is highly challenging to keep the quality of service (QoS)
since the energy of the batteries of IoT devices is limited [5],
[6]. Traditional wireless devices in IoT networks with built-in
batteries restrict the performance of the communication system
due to the operational or economical constraints and the in-
convenient changing and replacing of batteries. Simultaneous
wireless information and power transfer (SWIPT) has received
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increasing attention in IoT communication networks, since
it has the capability of prolonging the lifetimes of wireless
devices [7]. Thus, SWIPT technique has a significant influence
on the reliability of wireless communication systems [8].
Furthermore, SWIPT can use the broadcast character of the
radio-frequency (RF) signal to enhance the energy efficiency
of IoT networks [9], [10]. In [11], two classical and feasible
schemes, i.e., time switching (TS) and power splitting (PS) are
proposed as SWIPT technique. The TS-based design switches
over time between energy harvesting (EH) and information
decoding (ID) processing [12], while the PS-based one splits
the received RF signals into two power streams, one for ID
and the other for EH [13].

A. Related works

To further improve the communication performance, one
other crucial technique, massive multiple-input multiple-output
(MIMO), has been adopted into the relay systems [14]-[17].
It has been shown that MIMO relay system can not only
improve the rate performance but also extend the network
coverage of wireless communication system when compared
with the single-antenna device-to-device system [18], [19].
Specifically, the multi-pair massive MIMO two-way relay sys-
tem where full-duplex (FD) mode was applied was considered
in [20], the asymptotic spectral efficiencies with two typical
beamformings at a relay, i.e., zero reception/zero-forcing trans-
mission (ZFR/ZFT) and maximum-ratio combining/maximum-
ratio transmission (MRC/MRT), were derived and analyzed.
Although the massive MIMO relay system has a considerable
rate in [20], that the source nodes are equipped with only
one single antenna limits the system performance. Similarly,
in [21], [22], the sum-rates of four power scaling cases in
the same system with antenna correlation was investigated to
improve the spectral efficiencies of relay system. However,
the impact of path loss is not yet understood. This theoretical
performance analysis is much more significant for the practical
application of massive MIMO relay system.

Besides, MIMO communication systems can dramatically
harvest more energy from the received RF signals [23]-[25].
Additionally, by equipping multiple antennas at the transmitter,
RF energy can be more effectively transferred to the receiver
compared with the device installing a single antenna. Hence,
MIMO relay systems with SWIPT technique have been widely
investigated [26]—[32]. In particular, a MIMO relaying system
which adopts the TS protocol was considered in [26], where
the rate was maximized by designing the robust beamforming
matrices of transceivers under energy constraints. In [27], the
TS scheme was adopted for massive MIMO relay systems,
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and it has indicated that the achievable rate would approach
to the deterministic expression as the amount of relay antennas
increases. A multi-antenna relay communication system which
contain multiple users has been studied in terms of TS pow-
ered relay nodes in [28]. A robust precoding scheme which
maximizes the sum-rate of the multi-user relay system has
been proposed by the author of [28]. Additionally, in [32],
a design of the PS factor and the beamforming matrices at
the transceivers for a MIMO two-way relay system based on
maximizing the energy efficiency was introduced, where one
source is capable of SWIPT. However, massive MIMO two-
way relaying systems where the relay is capable of PS has not
been investigated so far.

B. Motivation

To achieve the considerable and reliable communication,
a feasible way is adopting SWIPT and MIMO techniques
into the relay system. It is noteworthy that MIMO technique
can increase the energy efficiency and spectral efficiency. On
the one hand, SWIPT technique can extend the life time of
communication devices. On the other hand, the relay node can
be used to expand the coverage of the communication network.

Although these related works mentioned above have estab-
lished a solid foundation for the relay system with SWIPT,
there are still many intractable issues needed to be solved.
In particular, the authors in [12], [13], [30] studied a two-way
relay system with SWIPT. The rate performance is far from the
ideal results due to the users equipped with a single antenna.
Besides, the authors in [27] focused on the performance
analysis of massive MIMO two way relay with EH, while
they ignored the large-scale fading of MIMO channel when
deriving the expression of the deterministic rate. Accordingly,
the performance of two-way relay system with SWIPT is still
far from being well addressed.

Inspired by the above description, in this paper, we in-
vestigate the massive MIMO two-way relay system, where
SWIPT is used at the relay, and derive the asymptotic sum-
rate of the system. Different from the existing relaying system,
PS-based relay node and large-scale fading are introduced.
Moreover, massive antennas make the performance analysis
much challenging. Based on the derivation of the asymptotic
sum-rate, the impacts of various parameters, e.g,, PS factor
and placement ratio, upon the rate performance are analyzed.

C. Contributions

In this paper, we consider a massive MIMO two-way
relaying system with a PS relay node. The main contributions
are fourfold:

e We propose a massive MIMO two-way relaying system
where the relay is capable of PS. The system model
distinguishes from the existing relaying system, since the
SWIPT technique and large-scale fading effects of MIMO
channels are considered.

e Two classical and linear relay precodings, i.e., ZFR/ZFT
and MRC/MRT, are adopted to satisfy the requirements

—® Multiple Access Phase

rry A G-

— — — —» Broadcast Phase

[

U,

(a) Massive MIMO two-way relaying system.

\/; nR.z

i M ID
——Q— EH

I-p

(b) PS scheme at the relay node.

Fig. 1: Massive MIMO two-way relaying system with a PS
relay node.

of high-rate in this relay system. The deterministic sum-
rate with two precodings are derived when the number
of relay antennas increases to infinity.

o After obtaining the deterministic sum-rates, the corre-
sponding asymptotic performance of four classical power
scaling cases has been studied and analyzed.

o Simulations are conducted to evaluate the asymptotic
performance of the achievable sum-rates. Besides, the PS
factor, placement ratio and antenna numbers of users have
been investigated to improve the sum-rates of the relaying
system.

The rest of the paper is outlined as follows. In Section 2,
the massive MIMO two-way relaying system with SWIPT is
introduced in detail. The deterministic sum-rate with two clas-
sical and linear precodings are derived in Section 3. Section
4 provides the asymptotic sum rate of four prevalent power
scaling cases. In Section 5, numerical results are conducted
to verify the analytical results. Finally, Section 6 gives the
conclusion.

II. SYSTEM MODEL

We consider a massive MIMO two-way relaying system as
illustrated in Fig. 1, where one PS relay R helps two users to
communicate, denoted as U; and Us. Each user has a small
number of antennas N, while R is employed with a large
number of antennas M, i.e., M > N. According to [33]-
[35], we assume that all the channel characteristics vary with
time slowly enough so that they can be perfectly estimated
by utilizing the feedback channels or the training sequences.
Moreover, the amplify-and-forward mode is applied. Two
users have their steady power supplies, while the transmission
power of R relies on the RF energy sent from two users.
The SWIPT technique is adopted at R, and the PS scheme
is considered. Furthermore, R utilizes the stored energy to
broadcast the ID signal to users.

With the half-duplex relay mode, the communication period
block T is equally partitioned into two separate phases, i.e.,
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a multiple access (MAC) phase and a broadcast (BC) phase.
In the MAC phase, two users transmit their signals to R. The
received signal at R can be written as

P P,
YR = \/WUHlxl + \/WUHQXQ +ng, (1)

where x; € CN*! denotes the symbol vector at U; with
E [xix;1] = Iy, ()" is the conjugate transpose operation
of one matrix, H, € CM*¥ is the MIMO channel matrices
of U;-to-R link. Moreover, following [26], [30], H; can be

denoted as H; = \/Liﬁi, where L; stands for the large-scale

fading, H; indicates the small-scale fading with variance %2” .
np represents the zero-mean additive white Gaussian noise
(AWGN) vector at R with covariance matrix U%zIM. Note
that the average power allocation beamforming scheme, i.e.,
F, = \/Py/NI1y,is adopted at U; and Py is the transmission
power of two users.

The received RF signal at R is split into two portions with
the PS factor p € (0,1), and p portion is used for ID, 1 — p
portion is for EH. Assuming that PS factors in terms of all
antennas of the relay are identical for the purpose of reducing
the complexity of massive MIMO relay system. According
to [11], the ID signal at R is represented by

P,
YRID = /P (\/ WU (Hix; + Hoxo) + nR) +ng, ., (2)

where ng,  is PS signal processing noise at R with covariance
matrix 0% ,Ips. The harvested energy at R is given by [11],
[30]

T Py 2 H

where tr(-) indicates the trace operation of one matrix and
n € (0,1] denotes the energy conversion efficiency of R.
In addition, we define the power factor of R as Ep £
By [(T/2) =5 (1-p)u (B¢ £ HHL).

In the BC phase, R utilizes the harvested energy to transmit
the ID signal with a precoding matrix Fp € CM*M a5 xp =
Fryr,rp to two users. The received signal at Uj; is

P
yi = GiFry/p\/ WU (Hyx; + Hix;) + GiFry/pnr
+G;Frng . +n;, 4)
where i is used to denote the desired signal of the paired

user, e.g., i = 1 fori = 2and i = 2 fori = 1. G; €
CN*M {5 the MIMO channel matrix of R-to-U; link. Similar

to H;, G; is modeled as G; = \/Liéi, and (u}l indicates
the small-scale fading with variance <pfu7 n; is the AWGN at
U, with covariance matrix UfIN. As stated in [20], [21], the

self-interference term G;Fg./p P—I\’{Hixi can be integrally
cancelled. Therefore, the received signal at U; is obtained as

Py
Vi = \/E\/’BGZ-FRHZ-XZ- +pGiFrnpg
—|—G7;FRIIR,Z + n;. @)

'Compared to EH signals, the noise power is negligible. Therefore, in this
paper, the effect of the noise term is ignored for EH.

According to (5), the instantaneous achievable rate at U; is
given by

1 P,
R; = Elog2 det (IN + (WUin)
x((pok + 0%, .) Wi+ U?IN)_I), (6)

where Q; = (G;FzH;)(G,FpH;)" and W; =
G, FrFEGH. Based on (6), the instantaneous achievable
sum-rate of massive MIMO two-way relaying system is rep-
resented by

2

i=1

III. DETERMINISTIC SUM-RATES WITH ZFR/ZFT AND
MRC/MRT RELAY PRECODING

According to [21] and [22], the instantaneous achievable
rate will approach a deterministic rate when the number of
relay antennas becomes large. To study the asymptotic perfor-
mance of massive MIMO relay systems, the deterministic sum-
rates with two linear and classical precodings are introduced
in this section.

A. Deterministic sum-rate with ZFR/ZFT relay precoding

1) ZFR/ZFT processing at the relay: With ZFR/ZFT pre-
coding, the relay employs the ZFR technique to deal with the
received signals, and applies the ZFT technique to forward
the processed signals. The ZFR/ZFT relay precoding matrix
is written as F,; = B.;F.;. B.; is the amplification factor
of ZFR/ZFT relay precoding and Fy is shown as

sz = ch (GBCch) 71T(H]I;I/[ACHMAC> 71H§\{4AC7
3

where Gge = ( GT GY¥ )T, Hyac = (H, Hy)
Onvxy  Th

and T = (
. N\ Ta  Onxw Lo .
matrix which is used to align transmission information of two

users. Under the power constraint at R, i.e., tr [E (xpx$)] =
Pgr, we obtain

denotes a block permutation

P, _ _
BzfQ <J\(f]ptr (szHMACH]P\/I[ACFff)
T por (Fu FR) 4 02 i (szfff)> —Pr O

Therefore, the amplification factor of ZFR/ZFT relay pre-
coding can be written as (10) at the top of next page.

2) Deterministic sum-rate with ZFR/ZFT relay precoding:
As shown in (6), the sum-rate performance correlates with
the relay amplification factor, the desired signals of users and
the noise terms. Hence, we will investigate the deterministic
results of all these terms as follows.

(a) Deterministic amplification factor:
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Pr
Per = P n H §H 20 (F_FH 2 IR AN (10)
2 pur (B pHaacBY 4o F ) + pohir (BogFI) 4 0, L (BB
PRM?
2 _ n (n

PWUpM Mtr (szHMACH]\H/[ACFgf) + (pO'IQ% + 0'12%7 z) M2tr (szﬁgc)
—_————

Q.11

Q. f2

By the definition of F.f, 3%, can be rewritten as (11).

Applying the trace property tr (AB) = tr (BA) and (10), we
can obtain

szl =1tr (MH]\H/[ACFfszfHMAC)
=t (MT" (GpcGle) ' T)

H 71
e (TH<G£) T) .

Future employing the definition of Gp¢, we achieve

—1
H \ L G:G¥ G,GY
GBCGBC _ 1»[1 M2 (13)
M G2G{{ G2G§ :
M M

12)

With the law of large numbers [21], we get

GIGZH a.s. 2

M M— o0 Li(pruiINv (14)
H?Hz a.s. 2

i m Li@uirINv (15)

where —> represents the convergence operation when M
—00
tends to infinity. Plugging (14) into (13), we achieve

-1
GBCGgC a.s. OnxnN
M M—o00 LQ(Q%UZIN
-1
_ ( (Ligkn) Iv - Onen

v . (16)
Onxn (La?,,) Ty )

And, on the basis of (12) and (16), we obtain

-1
ngp%ulIN

Onxn

MH A FEF. jHyac

a.s. (LQQD%HQ)ilTé{INTQ
M— o0

Onxn
Combining (17) and the trace property tr (AB) = tr (BA),
the deterministic result of €)1 becomes (18) at the top of
next page.
Substituting (8) into €2, yo further yields

a7

szg = Mztr (FZCsz)

GpcGH N ' /HE H !
tr(TH<B?WBC) T(W) )_(19)

0
, o .
(Ll(prul) Tl INT1

Based on (15), it is easy to obtain

-1 H

HﬁACHMAC’ _ LEMHl
M - H2 H;
M

HIH, \ !
M

HlH,
3

2 —1
Cas [ (Lagh,) Iy v ) o)
M —o0 0N><N (LQQP’U,QT) IN

Substituting (16) and (20) back into (19), the deterministic
result of €2 o can be expressed as (21) at the top of next page.
Finally, using the results of (18) and (21), we achieve the
deterministic amplification factor of ZFR/ZFT relay precodigg

as (22) at the tope of next page. It is noteworthy that BZ f
represents the deterministic state of ,Bff when M tends to
infinity.
(b) Deterministic achievable sum-rate:

According to (6), we have

Qi = 8% (G.F./H;) (G.F./H;)".

Through multiplying G pc and Hjpzac on the left and right
sides of F ., respectively, we have

(23)

" G1szH1 Glf‘szQ
GpcF./H = _ _ . (24
BcF.rHyrac < G,F. H, GoF. H, (24)
Based on the definition of the ZFR/ZFT design, we achieve
= 0 T
GpcF.jHyac =T = ( NxN ! ) ) (25)
T Onxn

With (24) and (25), we achieve G;F.;H; = T,;. The
deterministic result of desired signal term is simplified as
2

Q; —=*— B, T, T/ (26)
M—o0 !
From (6), the relay noise term can be written as
W, = 82,G;F.,FI,G]. (27)

The term F, ff‘ff is multiplied by Gpc and G at the
left and right hand sides, respectively. Then, we obtain

= = —1

1, (HI, H -
:MT(W> TH. (28)

Substituting (20) into (28), we have the deterministic result
of GBCszFZGgC as

GBCszFZ‘GgC

—1
_as L[ Ti(Lagy,,) INTY
M—oco M OnxN

ONxN1
TQ (Ll(pil,,,> INTg
(29)

) |
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= = a.s. - -1
Qg1 =tr (MHY , FRFrHa0) W(Lgcpfuz) tr (THINT:) + (L1p2,,) o (THINT)
_ N N _ N (Ll‘pgul + ngafw) (18)
L2<pgu2 Ll(p%ul L1L2<p%u1 @%ug
2 1 2 7!
Qoo —Z s tr [ TH (Lroh) In OQJVX]\Ll T (Laeir) T Oszj\il
M —o0 0N><N (LQ(PT.H2) IN 0N><N (LQSOugr) IN
2 2 \“lmH 2
= tr (L1L2(pu1r(pru2) T2 INTzIN ) SNXiVl = = Z % (21)
OnxnN (L1Lagr,,97,)  THINTiIy i DiliPua$ru;
2 2
.~ PrM
2 a.s. o R
' Moo Py = PypM(L1g?,, +L2¢2,,) 2 2 : N ' )
LT+ (et ok ) & T
= 2 1 Py 2 H 2 2 BZf H 2
Rum,»f = Zi:1 5log2 det { Iy + WpﬁsziTi (pUR +on, Z) 7ML; %L;, TINT; + 071y (33)

Meanwhile, due to the definition of Gpc, (28) can be
rewritten as

_ G _
GueP. FlGle = (& )P RS (G 6f )
). (30)

€29

_( GESFIGE G R GY
GoF . FILGI  G,F.FIGY

From (29) and (30), it reveals obviously that

1

Thus, the deterministic result of relay noise term becomes
2

B zf 2 -1
M Tl (Lz Spu;r)
Putting (26) and (32) into (7), the deterministic achievable
sum-rate with ZFR/ZFT relay precoding is derived as (33) at
the top of this page.
Following the similar way, the deterministic result of the
term Er is approximated as

GF. FGI = — “IyTE.

Wl a.s.

M —o0

IyTH. (32)

2
a.s. -~ _ 2
Ep —=— Ep=n(l1-p)MPy <Z Lmulr> SNED

=1

It is noteworthy that E r 1is not relevant to the relay
precoding design.

B. Deterministic sum-rate with MRC/MRT relay precoding

1) MRC/MRT processing at the relay: The low-complexity
MRC/MRT processing is adopted at the relay node and the
precoding matrix is given by F,,, = B, F,,., where B,
is the amplification factor with MRC/MRT relay precoding.
Based on [20], [22], F,,,, is formulated as

2
F.., = G THY 40 = Y _ GIT;HI. (35)
Jj=1

2) Deterministic sum-rate with MRC/MRT relay precoding:
(a) Deterministic amplification factor:

Similar to the ZFR/ZFT precoding scheme, the relay am-
plification factor with MRC/MRT precoding can be written as
(36) at the top of next page.

Before deriving the deterministic result of relay amplifica-
tion factor with MRC/MRT processing, one vital proposition
is provided as follows.

Proposition 1. For two independent and identically matrices

X ~ CNy, (0,7Iy @ Ins), Y ~ CNy as (0, 72In @ L),

we have
1

1
MXXH —> Iy, —XYH —> On.

i (37)

Proof. The result of Proposition 1 can be obtained by the
extension of Lemma 1 in [22]. |

According to (35) and tr (AB)

1 2 2 2 G GH
M3 mrl Z Z Z tr (

1j=1k=1

= tr (BA), we achieve

HHH H Hy
M M '

(38)

With (14), (15) and Proposition 1, the following result can
be obtained

1 2

Wﬁmrl —> Z Lz zgoru <pu r (TET{{) : (39)
Applying the same approach, we have
2 H H
1 G;G; Hi H; o
L zzu< T, MJTk>
=1 j=1
2

H

Y. ZL Lip?, o2 e (T;TH) . (40)
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P,
2 = — K R (36)
Beplyu (B EIFE,) + (po% 4+ 03, ) i (B, FlL)
—_——
Qmr1 Qr2
2
.S. a P,
—00
PUpM3 (Z L; Lz Soru Spu r) + (po—lz% + 012?, z) M2N (Z Llewgul(pz%lr>
=1
Rum.mr = ZQ 710g2 det { Iy + Py pM4ﬁ L34k, or T, TH
) i=1 N mr=—u TUj uzTr 3
-1
[(pGR + UR z) M?’ﬂmr i zSDru Qou rT T + UzIN‘| 45)

Substituting (39) and (40) back into (36), we achieve the
deterministic amplification factor of MRC/MRT relay precod-
ing as (41) at the top of this page.

(b) Deterministic achievable sum-rate:

According to the precoding matrix F,,,., we can transform

the desired signal term into

2.2 GGH HHH HIH,,
- gk: M M kM
(42)

Based on (14), (15) and Proposition 1, the deterministic
result of (42) can be expressed as

2
L2L2pY, oL T TH.

a.s.
T et 49
By further deriving the deterministic result of noise term
with the similar way, we achieve

1 2 2 GGH HHHk HG G
mrz - M k M
2
F ﬂmrLz Ll@ru Sou rT7T{I (44)

Plugging (43)and (44) into (7), the deterministic achievable
sum-rate with MRC/MRT relay precoding becomes (45) at the
top of this page.

HGEGf{.

IV. TRANSMISSION POWER SCALING WITH ZFR/ZFT
RELAY PRECODING

In this section, the deterministic sum-rate is future investi-
gated under different power scaling laws. Under some power
scaling cases, the deterministic sum-rate approaches a ceiling
when the number of relay antennas grows to infinity [22]. This
ceiling is defined as the asymptotic rate in this paper. Similar
to [20], the achievable sum-rates of four prevalent power
scaling cases with ZFR/ZFT relay precoding are investigated,
as shown in Table I. It is noteworthy that the power factor

of user EU is fixed and unrelated with M and E r has been
stated in (34). When M — oo, we have the following details
of the asymptotic rate analysis.

A. Case 1: Py = E’U, Pr = ER

Proposition 2. In this case, the received signal at U; satisfies

ERcLle%ul@?«ug
N (L1, + La¢?2,,)

& a.s.
M M-

Tixz,  (46)

_ 2
where Erc = n(1—p)Ey (Z Ligoilr) is one constant
i=1
which is irrelevant to M. '

Proof. Refer to Appendix A. |

From (46), we can conclude that the asymptotic sum-rate of
Case 1 tends to infinity. Obviously, when M goes to infinity,
the power splitting and common noise at the relay, the noise
and self-interference at two users all disappear. The reason

TABLE I: The asymptotic sum-rates of four power scaling cases with ZFR/ZFT relay precoding

Case Power of each user Power of relay Asymptotic sum-rate: ZFR/ZFT(M — oco)
1 Py = Ey Pr=Eng 00
2 Py = Eyu Pr=FEgr / M 00
3 Py =E /M Pr=FE NS Fuelicl,
= = —_— O + T
U U R R 2 & g2 (W%Jrg% z)N
— I~ N < EupBroLiv?.,
4 PU:EU/M PR:ER/M 7Zlog2 1-‘1— *
i=1

N (pohtod L) ErotLih; wspo?
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2 —1

R 1 2 E 2 p02 + 02 z Bz

Roum,zy = 3 Zi_l logy det < In + ﬁpﬁszinl ( RML,ZQ ) fTiINTf{ 4 UZZIN ’ (48)
N Y uzr
~ Eon M2
Per= |2 " ; : (49)
Erop(L1$t, +L207,
e+ ookt oh) (; LLJU>
=% E E Lg 1277”
Rsum,z.f = th_r}n sum,zf — Z 10g2 1+ Up ch ¥ L7 (52)
N [(PO’IQ% + 012%_’ Z) Erc + Li@%irwdgf]
R 12 By 32" 209 o
Rsum,mr :i Zi:l 10g2 det < Iy + 7pM Bm’r‘Lz L* @ru (pu rT’LTz
2 —1
X [(pUR + UR z) MSer 7 l‘p?"ul SDZ;TTZTfI + U?IN] (55)
r E
er = _ RO 5 . (56)
EypM? <Z L;L3¢2, ot r> + (pa,% +o% Z) M2N <Z LiLicpzuigogﬂ)
=1
5 EupErcL2L3¢%, 4 |

Rsum,mr = ]\}l_l;noo sum,mr = Zbgz 1+ UpPLRC ¥ U; QOU (59)

N [(PU% + U%, z) ERCLZQLﬂpﬁu,(p%;r + w7TlT012:|

for this is that the MIMO channels of both sides of relay
change more orthogonal as M increases. Moreover, due to
the unlimited increase of harvested energy, the transmission
power of relay goes to infinity when A — oo.

B. Case 2: Py = Ey, Pr = ER/M

Proposition 3. In Case 2, the received signal term at U; when
M — oo, is given by

e ErcLiLog?, ¢
Yi .5, RC ; 2(pru1<pr2uQ TzX{ (47)
VM M—oo N (Llsorul + L2§07«u2)
Proof. Refer to Appendix B. |

Similar to Case 1, the asymptotic rate of Case 2 tends to
infinity as M increases. However, the transmission power of
relay that is supplied by the harvested energy approaches to

ERC, when M — oo. From (47), we also discover that all
the interference and noise are diluted to zero when M is large
enough.

C. Case 3: Py = Ey / M, Pr = Egr

Substituting the transmission power scaling of Case 3 into
(33), the deterministic achievable sum-rate is re-expressed as

(48) with EZ 7 being (49) at the top of this page.

The asymptotic result of the deterministic sum-rate when
M — oo is represented as

oo

Rsum,zf = lim Rsum,zf

M —o00
2
N
=3 Zlogg 1+
(

poh +og Z) N

(50)

From (50), it is noted that the asymptotic rate of Case
3 approaches to a ceiling rather than reduces to zero when
the transmission power of users are scaled down to 1/M.
The main reason for this is that the relay system can obtain
diversity gain from the massive antennas. Likewise, the PS
factor has a great effect on the asymptotic sum-rate. Besides,

the transmission power of relay tends to E rc When M — oo.
We also observe that the noise term at users can be diluted to
zero when M approaches to infinity, whereas the noise from
relay still exists. Likewise, the asymptotic sum-rate of Case 3
increases as N grows in non-linear model.

D. Case4.-PU=EU/M, PR=ER/M

Plugging the transmission power scaling of Case 4 into (33),
the deterministic achievable sum-rate is also represented by



IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. XX, AUGUST 2020

(48), with f_; as

Bzf = N ) (51)
Eupa,s + (pa% + 0% Z) Nb,s
N (L1gl, +L2¢7,,) _ 2 1
where Azf = W and bzf = ’L; m
Meanwhile, future defining w.f = EU pazy +

(pok + 0% ) Nboy . With (48) and (51), the asymptotic
result of deterministic achievable sum-rate when M tends to
infinity is given by (52) at the top of last page.

Equation (52) depicts that the asymptotic rate of Case 4
goes to a constant value when the number of relay antennas
goes to infinite. Distinguishing from Case 3, the transmission

power is equivalent to E rc / M. Moreover, the noise at two

users and the relay node cannot be eliminated as M increases
to infinity. According to (52), the tendency of the asymptotic
result in Case 4 is dubious as N grows.

V. TRANSMISSION POWER SCALING WITH MRC/MRT
RELAY PRECODING

In this section, the achievable sum-rates of four main power
scaling cases with MRC/MRT relay precoding are investigated
when the number of relay antennas goes to infinity, as shown
in Table II.

A. Case I: PU :EU, PR :ER

Proposition 4. In this case, with MRC/MRT relay precoding,
the received signal at U; satisfies

2
N <Z LiL?w%u%ﬁ)
=1

& a.s.
M M-

Tix;. (53)

Proof. Refer to Appendix C. |

Similar to ZFR/ZFT precoding, the asymptotic rate ap-
proaches to infinity with the growth of M. We also find
that all interference and noise are eliminated. Besides, the
transmission power at the relay tends to infinity as M — co.

B. Case 2: PU ZEU, PR ZER/M

Proposition 5. In this case, with MRC/MRT relay precoding,
the received signal at U; satisfies

ErcLiL2pt, ¢t ,

Yi a.s.
T;x;. (54)
M 2 ¢
AT V(S nttett )
i=1
Proof. Refer to Appendix D. ]

Similar asymptotic performance can be obtained from
Proposition 5. The asymptotic rate of Case 2 with MRC/MRT
precoding also approaches to infinity as M — oo. Moreover,
the useless influence of all the interference and noise is aver-
aged to zero when M goes to infinity, whereas the transmission

of relay approaches to a fixed value E RC-
C. Case 3: Py = Ey / M, Pp = Eg

Substituting the transmission power scaling of Case 3 into
(45), the deterministic achievable sum-rate is re-expressed as

(55) with er being (56) at the top of last page.
The asymptotic result of deterministic sum-rate when M —
oo is represented as

o0

Rsum,mr = I\lhl}loo Rsum,mr

EUpL%Digr
po%% + U% Z) N

2
= gagz 1+ ( (57)
=1

Obviously, the relay system with MRC/MRT precoding has
the same asymptotic sum-rate as that with ZFR/ZFT precoding
in Case 3. Equation (57) also indicates that PS factor has huge
influence upon the asymptotic sum-rate. Moreover, we can
observe that the asymptotic sum-rate increases with the growth
of N, whereas it is not with linear model.

D. Case 4: PU_EU/M, Pr=FEr/M

Plugging the transmission power scaling of Case 4 into (45),
the deterministic achievable sum-rate is also represented by

(55), with 3,,,, as

=5 Egc
ﬂm’r - . )
By pay M? + (p0% + 0%, ) by NM?

(58)

TABLE II: The asymptotic sum-rates of four power scaling cases with MRC/MRT relay precoding

Case Power of each user Power of relay Asymptotic sum-rate: MRC/MRT (M — o0)

1 Py =Ey Pr=Eg o0
2 Py = Eu Pr=FEg / M 00

_ _ 2 EUPLE(Pi—r
3 Py=Ey /M Pr=FE N S logy |14 70—

U U/ R R 2 & 22 ( (W%JW%L z)N)

= ~ 2 EypBERroLiLieh, oty

4 PU=EU/M PR:ER/M T X logy [ 1+ UPTROT i Prus Puy
=1 N (pa;}%+0€%, z)ERCL?L%p%ui ‘Pifr"'w"”‘o-?
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Fig. 2: The placement of massive MIMO two-way relay
system.

where Qg = ZLLz Ot Pur A by =
2
> LiLip}, #r.,..  And, future defining  wy,, =
i=1

EUpamr + (po}% + 012%7 z) Nb,,.. With (55) and (58),
the asymptotic result of deterministic achievable sum-rate
when M tends to infinity is given by (59) at the top of last
page.

As shown in (59), the asymptotic rate of Case 4 with
MRC/MRT precoding is similar to that of Case 4 with
ZFR/ZFT. Both of them approaches to a constant value when
M — oo. Besides, the asymptotic performance is also uncer-
tain with the growth of V.

VI. SIMULATION AND NUMERICAL RESULTS

In this section, extensive simulation results are provided
to discuss the rate performance of massive MIMO two-way
relaying system with SWIPT. As is well illustrated in Fig. 2,
three transceivers in the two-way relay system are arranged
in one line. We set the distance from U; to Us, i.e., d = 40
meters, and denote U; — R and R — U, distances as d; = &d
meters and do = (1 — &) d meters, respectively. £ € (0, 1) is
the placement ratio of R in the relay system. Following [26],
[29], [31], we model the large-scale fading as L; = ﬁd;Q,
where 2 strands for the path loss exponent and 9 is the
condition parameter. Besides, all variances of the small-scale
fading are set as ¢2 . = @2, =1, i = 1,2. Unless otherwise
explained, the noise variances at all transceivers are same as

0% = 0%7 . =02 =0%= —50 dBm. We also specify n = 0.8,

£€=05N=2T=1,9=1,and Ey = 10 dBm.

In Fig. 3, the achievable sum-rate of the relay system versus
the number of relay antennas M is provided for different
power scaling cases. As expected, the theoretical analysis of
sum-rates matches well with the real instantaneous sum-rates
in various cases. It is intuitive that the sum-rates of four power
scaling cases increase as M goes to infinity, the sum-rates of
Case 1 and 2 grow unboundedly, whereas the sum-rates of
Case 3 and 4 converge the corresponding asymptotic sum-
rates. As can be observed in Fig. 3 (a), the covergence speed
is O ( NaTi for Case 3 but O ( ) for Case 4. Furthermore,
if M is small, e.g., M = 5, the sum-rates of all four cases
with MRC/MRT relay precoding are better than those with
ZFR/ZFT relay precoding. This happens because for ZFR/ZFT
relay precoding, forcing the MIMO channel to be orthogonal
leads to the noise enhancement effect on the relay system
when M is small. As mentioned above, these are consistent
with the simulation results in [20], [22]. Besides, when M
is large enough such as M = 200, two precodings have

45

—A— Case 1 with ZFR/ZFT
—— Case 1 with MRC/MRT
20 F —4A— Case 2 with ZFR/ZFT
—— Case 2 with MRC/MRT
Case 3 with ZFR/ZFT
Case 3 with MRC/MRT i
—4A—— Case 4 with ZFR/ZFT
—— Case 4 with MRC/MRT
— — — - The asymptotic rate of Case 3 4
—-—-—--The asymptotic rate of Case 4

Sum-rate (bits/s/Hz)

< 1
Convergence speed O (W) ‘
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5 f U 4
\‘ Convergence speed O (%) ‘
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—— Case 2 with MRC/MRT
Case 3 with ZFR/ZFT 7
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20 -

Sum-rate (bits/s/Hz)

2468

I I I I I I I I I
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The number of relay antennas M

(b) ¥ = 1.

Fig. 3: Achievable sum-rate versus the number of relay anten-
nas M, 02 = —50 dBm.
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2
T
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Fig. 4: Achievable sum-rate versus the placement ratio of relay
node, ¢ = 3, 62 = =50 dBm, M = 500.
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Fig. 5: Achievable sum-rate versus the power factor of user
Ey, ¥ =3, 0> = —40 dBm.

almost the same rate performance. This can be obtained by
the fact that when M grows large, the orthogonal channels
are easy to be obtained for two precodings and the sum-rates
are derived based on the assumption that the self-interference
can be cancelled perfectly at two users.

Fig. 4 demonstrates the effect of the placement ratio of
relay node on the sum-rates performance of massive MIMO
relay system. It is intuitive that when ¢ is small, the sum-rates
of four cases decrease as ¢ increases. Nonetheless, when &
is large, the rate performance will improve as & grows. One
reason is that the closer R is located to U; or Us, the more EH
efficiency R has. Besides, when R is close to U;, the MIMO
channel between R and U, has better channel quality.

Fig. 5 reveals the influence of the user power factor on the
sum-rate performance. Obviously, the achievable sum-rates of

four power scaling cases grow unboundedly as Fy; increases.
However, when M = b, the sum-rates increase non-linearly

with EU and the rate performance with MRC/MRT relay
precoding is better that with ZFR/ZFT relay precoding that is
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—%— Case | with MRC/MRT
—A— Case 2 with ZFR/ZFT
—— Case 2 with MRC/MRT
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Fig. 6: Achievable sum-rate versus the PS factor p, ¥ = 1,
02 = —40 dBm.
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Fig. 7: Achievable sum-rate versus the number of user anten-
nas, ¥ = 3, 02 = —50 dBm, M = 100.
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Fig. 8: Achievable sum-rate versus the noise variance o2, ¥ =
1.

consistent with the simulation results of Fig. 3 . When M is
equal to 500, the sum-rates of Case 1 and 2 grow linearly with

increasing EU. Besides, it is intuitive that two relay precoding
schemes, i.e,, MRC/MRT and the ZFR/ZFT, have almost the
same rate performance when M = 500.

Fig. 6 describes the achievable sum-rate versus the PS factor
of relay node. It can be noticed that the sum-rates of four
power scaling cases are concave function with the PS factor
of relay node. Similar to the results of Fig. 3, when M =
5, the MRC/MRT precoding outperforms ZFR/ZFT precoding
in whole region of p, while the gap between two precodings
almost disappears when M = 500.

Fig. 7 illustrates the achievable rate versus the number of
user antennas. It is seen that the sum-rates of all cases increase
non-linearly with the growth of N. It is noteworthy that when
the number of user antennas is equal to 50, i.e., N = 50, the
sum-rates of four cases with ZFR/ZFT precoding is quite low.
This is because for ZFR/ZFT relay precoding, when 2N = M,
the MIMO relay channels are very ill-conditioned to force

—A— Case 1 with ZFR/ZFT of proposed protocol
—— Case | with MRC/MRT of proposed protocol
—A— Case 2 with ZFR/ZFT of proposed protocol
40 | —— Case 2 with MRC/MRT of proposed protocol /A//A—/‘A
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30| A~ Case 2 with ZFR/ZFT of TS protocol in [12]
—-=%=--Case 2 with MRC/MRT of TS protocol in [12]
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Fig. 9: Performance comparison between the proposed PS
protocol and TS protocol, ¥ = 3, 02 = —50 dBm.

inter-interference and noise to zero. Hence, it is hard to avoid
the effect of noise enhancement. This is consistent with the
result in [36].

Fig. 8 shows the impact of the noise variance o“ on the
achievable sum-rate of massive MIMO relay system. It can be
observed that the increase of o2 can decrease the achievable
sum-rates of all cases. This is because the received SNRs at
users become lower when o2 is larger. Interestingly, when o
is large and M = 5, the relay system with MRC/MRT pre-
coding has a better rate performance than that with ZFR/ZFT
precoding, while the impact of the precoding scheme on
the achievable sum-rate becomes smaller when M increases.
There are two reasons accountable for this phenomenon. 1)
Based on the above theoretical analysis, the achievable sum-
rate is determined by the received SNRs at two users. When
o2 is large and M = 5, the SNRs are low, which leads that
the relay system with MRC/MRT precoding has the advantage
over that with ZFR/ZFT precoding. 2) when M = 500,
the channels created by ZFR/ZFT precoding become nearly
orthogonal, which is consistent with the results of Fig. 3.

Fig. 9 compares the sum rate performance of the proposed
PS relay protocol and the TS relay protocol in [12]. It is
intuitive that the proposed PS relay protocol has a significant
performance gain over the TS relay protocol in [12]. This
is because compared to TS protocol, the PS protocol takes
advantage of the broadcast character of RF signal to achieve
the energy-rate trade-offs. This is consistent with the analysis
and results in [37]. Besides, the TS two-way relay protocol
of [12] abandons one-user energy gain in the EH phase,
which leads that the relay node has less transmission power
in the BC phase. Although the PS-based relay system has a
better rate performance than the TS-based one, the practical
circuit for TS protocol has a low complexity. According to
the practical requirement, the relay systems are designed to
achieve different tradeoffs between the performance and the
complexity.

2



IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. XX, AUGUST 2020

VII. CONCLUSION

In this paper, a massive MIMO two-way relaying system
with ZFR/ZFT and MRC/MRT relay precodings has been
studied in order to analyze and improve the performance of
IoT networks. The SWIPT technique has been considered in
the relay system to enhance the reliability. After deriving the
deterministic sum-rate, the asymptotic performance of four
classical power scaling cases has been studied and proved
by the simulation results when the number of relay antennas
increased to infinity. It was shown that the sum-rates of Case
3 and 4 converge to the corresponding asymptotic values.
Besides, the PS factor and the placement ratio of relay node
have a huge influence on the achievable sum-rates. Meanwhile,
the impacts of the user power factor and the number of
user antennas on the achievable rate were also discovered.
These theoretical performance analyses will be significant for
the practical application of massive MIMO relaying system.
In future work, we will focus on the precoding and PS
optimization for maximizing the sum-rate of MIMO two-way
relaying system with SWIPT.
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APPENDIX A
PROOF OF PROPOSITION 2

Substituting (8) back into (5), we have

ﬂzf

i Ey = Bif ~
an W\/ﬁ i GiF./Hix; +\/p ]\/[fGinfnR

z = n;
+%GiFZ,-nR,Z+M, (60)
with Pr = ErcM and (22), we have
EpcLiLyo? @2
B]\zj‘ ]\/;1.54 RCL1L2@ry, Prusy (61)
—00

Besides, on the basis of (26) and (32), we achieve the
deterministic result as follows

F HT a.s. T F a.s. 2
Gz zf Zm iy Gz meONX]\/Ia (6 )
Moreover, the noise term in (60) is limited by
n; a.s. 0 (63)
M M- NxN

Therefore, putting (61), (62) and (63) back into (60), the
received signal in (46) can be achieved.

APPENDIX B
PROOF OF PROPOSITION 3

Plugging the power scaling of Case 2 and (8) into (5), the
received signal at U; can be rewritten as

E
YL U\f Bes G iF.HixG + \f\ﬁ/zic’ F.np
+ %GinfnR, =+ jitﬁ (64)

Similar to (61), with Pr —~* Erc, we achieve
M — o0

Bz‘f a.s. ERCL1L25072”u1 CP%uz
/ M —~
M e EUP (Ll(p%ul + LQSO%UQ)

Therefore, substituting (62), (63)and (65) back into (64), we
can obtain (47). This completes the proof.

(65)

APPENDIX C
PROOF OF PROPOSITION 4

Putting (35) into (5), we have
G; FmrH

> = fMﬁmr x;
zF iFmr n;
+\/5M5mrw R+MﬂernR,z+M- (66)

With Pr = ERCM, (34) and (41), we achieve

ERC

M/er Moo _
EU/D ZLchpru SO'UqT’

(67)

Substituting the definition of F,,,,. into the term E:EmrHi

we have

G; FWH- Z Gi GH HHH—
M
—> L; Lz@ru C)Ou T’T (68)
M —o0
Besides, we have
GiFmr a.s. n;
M2 molevb M FOle (69)

Finally, Substituting (67), (68) and (69) back into (66), (53)
is obtained for Case 1 when M — cc.

APPENDIX D
PROOF OF PROPOSITION 5

Substituting the power scaling of Case 2 and (35) into (5),
the received signal at U; can be re-expressed by

yi Ey s, GiFn,H;
% = - \/EMZ ﬁmr M2 X3
’L mr G’LFTTL’I’ n;
+\fM ﬁmr R+M ﬁmr M2 nR,z‘f’M
(70)
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Similar to (67), with Pr —%* Epc, we obtain
M — o0

Erc

. 2
Bup (z Lszso%uisaiﬂ)
=1

3
Miﬂmr &2

Therefore, putting (68), (69) and (70) into (71), we can
achieve (54). This completes the proof.
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