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Multi-Stream Transmission in Massive MIMO Systems with Full-Duplex
Bi-Directional Communication Links

Bridget Durowaa Antwi-Boasiako, Prince Anokye, Derek Kwaku Pobi Asiedu, Roger Kwao Ahiadormey,
Kyoung-Jae Lee, Senior Member, IEEE, and Andreas F. Molisch, Fellow, IEEE

Abstract—This paper considers a full-duplex (FD) multi-user
massive multiple-input multiple-output system where the base
station (BS) and user equipment (UE) bi-directionally transmit
and receive multiple independent data streams over the same
frequency band. The BS and UEs are equipped with a large-scale
antenna array. Accounting for imperfect channel state informa-
tion, we derive the closed-form expressions for the achievable
sum-rate and sum spectral efficiency (SE) for the proposed model
using maximum-ratio combining and zero-forcing detection. The
analytical solutions are verified with simulations. In addition,
our analytical results highlight the benefits of multi-stream
transmission and show an improved SE for fewer UEs. Moreover,
the results show that increasing the antenna array size helps
combat self-interference.

Index Terms—Full-duplex, massive multiple-input multiple-
output, maximum-ratio combining, zero-forcing.

I. INTRODUCTION

With the focus of research geared towards fifth-generation
and beyond wireless systems, enabling technologies such as
massive multiple-input multiple-output (mMIMO) and full-
duplex (FD) communications have been proposed [1]–[3]. In
mMIMO, the base station (BS) is equipped with a large array
of antennas to serve multiple users. The massive antennas
reduce signal interference and offer high data rates due to
the large-scale diversity and multiplexing gain [1], [4]. Many
existing works focus on the performance of mMIMO systems
with single-antenna user equipment (UEs) [1], [5]. In [1], the
authors analyze a multi-user mMIMO system and derive the
uplink (UL) spectral efficiency (SE) with both perfect and im-
perfect channel state information (CSI). To detect the transmit-
ted signals, [1] exploits detection schemes like maximum-ratio
combining (MRC), zero-forcing (ZF), and minimum mean-
square error (MMSE). Similarly, [5] acquires imperfect CSI
using a proposed beamforming training scheme and derives
the achievable downlink (DL) rate of a multi-user mMIMO
system. Although [1] and [5] only consider single-antenna
UEs, many modern UEs like tablets and smart vehicles are able
to support multiple or large antenna arrays [6]. The authors of
[4] show that with the additional UE antennas, multiple data
streams can be multiplexed per user, thereby increasing the
multiplexing gain and SE. The BSs and UEs in [1], [4], and
[5] operate in a half-duplex (HD) mode. However, it has been
shown that transmitting and receiving data simultaneously on
the same time-frequency resources, also known as full-duplex
(FD) operation, has the potential to double the SE relative to
the HD mode [7], [8]. Thus, the work in [9] investigates an
FD distributed massive MIMO system with single-antenna HD
UL and DL users and optimizes the antenna selection vector
to maximize the achievable rate. Also, the authors of [10]
consider a separate-antenna FD BS serving HD multi-antenna
UEs and explore the antenna ratio to maximize the sum-rate.
The FD transceiver can alternatively have a single antenna
design. Either design of FD reduces the leakage of antenna
signals from the transmitter to its receiver, referred to as self-
interference (SI). Apart from the natural isolation provided by
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the FD antenna configuration, time-domain cancellation and
spatial suppression schemes can also be used to mitigate the SI
[2]. For an FD BS and FD UEs with a single transmit/receive
antenna, the work [8] derives the UL/DL SE by adopting ZF
while [7] investigates the asymptotic sum-rate for a ZF-based
FD mMIMO relaying system with separate multi-antenna FD
MIMO UEs. The UEs in [7] and [8] are however, equipped
with only a few antennas and both works assume perfect CSI.

Given the advantages of large-scale arrays, which include
providing a high degree of freedom (DoF) for information
transmission, there is a need to study the performance of large-
scale antenna UEs in separate-antenna FD mMIMO systems.
In particular, this work investigates a mMIMO system consist-
ing of an FD BS and FD-enabled UEs assuming imperfect CSI.
The main contributions of this work are summarized below:

• We derive closed-form lower bound1 solutions for the
sum-rate with multiple data stream transmission using
MRC and ZF. The closed-form solutions are shown to
be tight relative to the simulation results.

• We also investigate the impact of multiple data stream
transmission on the sum SE. The sum SE initially in-
creases with the number of streams. However, further
increase in data streams causes the sum SE to deteriorate.

• Furthermore, we compare the SE of the mMIMO system
in FD and HD modes and characterize the impact of the
residual SI on the performance.

Notation: Lowercase and uppercase boldface letters denote
vectors and matrices, respectively. The notation (·)H is the
Hermitian transpose. E{·} is the expectation of a random vari-
able, while CN (0, σ2) denotes circularly complex Gaussian
distribution with zero mean and variance σ2. (·)b and (·)s are
variables related to the BS and UEs, respectively.

II. SYSTEM MODEL

This work considers a mMIMO system where an FD BS
and K FD UEs communicate simultaneously via bi-directional
links, as shown in Fig. 1. We assume a block fading model
where the channels remain constant within a coherence interval
T , but vary independently from block to block. Each UE has
NT (multiple) transmit and NR (massive) receive antennas,
such that NR ≫ NT . The l-th UE transmits NS ≤ NT
independent data streams to the BS, ∀l = 1, · · · ,K. Similarly,
the BS has MT (multiple) transmit and MR (massive) receive
antennas, such that MR ≫ MT . Without loss of generality,
we assume that the BS allocates MS antennas2 to transmit
MS independent data streams (i.e., one stream per antenna)
to each UE such that the lth group of antennas at the BS
transmits MS streams to the l-th UE and KMS ≤ MT .
Also, MR ≫ KNS and NR ≫ MS [12]. The BS and
UEs suffer multi-stream interference since they transmit mul-
tiple independent data streams. Due to FD capability, all
the nodes also experience SI. UE-to-UE interference also
occurs since all K UEs transmit and receive data on the
same frequency. Let us define the UL channel from the l-th
UE to the BS as Hl = [hl,1,hl,2, · · · ,hl,NS

] ∈ CMR×NS

where hl,n is the n-th column of Hl, ∀n = 1, · · · , NS

and H = [H1,H2, · · · ,HK ] ∈ CMR×KNS . Let Gll =
[gll,1, · · · ,gll,2, · · · ,gll,MS

] ∈ CNR×MS be the DL channel
from the l-th group of antennas at the BS to the l-th UE

1By employing the bounding technique in [2], [3], a lower bound on the
achievable sum-rate can be obtained.

2We assume that the antennas are separated by 5-10 wavelength [11].
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where gll,m is the m-th column of Gll, ∀m = 1, · · · ,MS

and Gl = [Gl1, · · · ,Gll, · · ·Glk′ , · · · ,GlK ] ∈ CNR×KMS ,
∀k′ ̸= l. Hl and Gll are expressed as Hl = H̄lḊl

1
2 and

Gll = ḠllD̈ll
1
2 , respectively, where H̄l and Ḡll are the small-

scale fading matrices. Ḋl and D̈ll are the diagonal matrices
of the large-scale fading coefficients with n-th element βl,n

and m-th element βll,m, respectively. Ḋl and D̈ll describe
the geometric pathloss and shadowing and are assumed to
be known a-priori [1]. The channels are assumed to undergo
independent and identically distributed (i.i.d.) Rayleigh fading
due to the rich scattering environment [2], [12].

A. Channel Estimation
For each coherence interval T , the channels are estimated

via UL training for a duration τp while the remaining timeslot,
i.e., T − τp is used for data transmission. All K UEs trans-
mit pilot symbols to the BS. Simultaneously, the BS sends
pilots to each UE3. Here, we adopt the linear MMSE-based
channel estimation. Thus the true channel matrices H and
Gl are decomposed as [3] H = Ĥ + H̃,Gl = Ĝl + G̃l,
where Ĥ = [Ĥ1, Ĥ2, · · · , ĤK ] ∈ CMR×KNS and H̃ =
[H̃1, H̃2, · · · , H̃K ] ∈ CMR×KNS indicate the UL channel
estimate and the estimation error matrices, respectively. Ĝl ∈
CNR×KMS and G̃l ∈ CNR×KMS represent the DL channel
estimates and the estimation error matrices from the BS to
the l-th UE, respectively. Due to the orthogonality property of
the MMSE estimation, the channel estimates and estimation
error matrices are mutually independent [2]. Also, hl,n and
gll,m are written, respectively, as hl,n = ĥl,n + h̃l,n and
gll,m = ĝll,m + g̃ll,m. ĥl,n ∼ CN (0, β̂2

l,nIMR
), h̃l,n ∼

CN (0, β̃2
l,nIMR

) denote the n-th columns of Ĥl and H̃l

(i.e. the l-th columns of Ĥ and H̃), respectively. Similarly,
ĝll,m ∼ CN (0, β̂2

ll,mINR
) and g̃ll,m ∼ CN (0, β̃2

ll,mINR
) are

defined as the m-th columns of Ĝll and G̃ll, respectively.
β̂2
l,n and β̂2

ll,m denote the variances of ĥl,n and ĝll,m given,

respectively, as β̂2
l,n ≜

ppτpβ
2
l,n

τpppβl,n+1 and β̂2
ll,m ≜

ppτpβ
2
ll,m

τpppβll,m+1 ,

where pp is the pilot power. The variances of h̃l,n and g̃ll,m

are β̃2
l,n ≜ βl,n − β̂2

l,n and β̃2
ll,m ≜ βll,m − β̂2

ll,m, respectively.

B. Data Transmission Phase
Let xs = [(xs

1)
T , (xs

2)
T , · · · , (xs

K)T ]T ∈ CKNS de-
note the transmit signal from all the UEs, where xs

l =
[xs

l,1, x
s
l,2, · · · , xs

l,NS
]T ∈ CNS . Similarly, we let xb =

[(xb
1)

T , (xb
2)

T , · · · , (xb
K)T ]T ∈ CKMS denote the BS transmit

signals, where xb
l = [xb

l,1, x
b
l,2, · · · , xb

l,MS
]T . All K UEs

transmit their signals to the BS in the UL. Simultaneously, the
BS sends the intended data to each UE in the DL. The received
signal yb ∈ CKNS at the BS and the l-th UE ys

l ∈ CMS are
given, respectively, as

yb =
√
psWbHxs +

√
pbWbLbxb +Wbnb, (1)

ys
l = Ws

l

[√
pbGllx

b
l +

√
ps
∑K

k′ ̸=l
Glk′xs

k′ +
√
psCs

llx
s
l

+
√
ps
∑K

k′ ̸=l
Cs

lk′xs
k′ + ns

l

]
, (2)

where Wb ∈ CKNS×MR and Ws
l ∈ CMS×NR denote the

receive filters at the BS and the l-th UE, respectively. ps

and pb indicate the UE and BS transmit powers, respectively.
ns
l ∈ CNR and nb ∈ CMR represent the noise vectors at the

3Similar results is obtained if training is done as in [13]. To ensure mutually
orthogonal pilots and avoid pilot contamination, we set τp ≥ (NS +MS)K.
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Fig. 1. Massive MIMO system with FD BS and FD UEs.

l-th UE and the BS, respectively. The elements of xs, xb,
ns
l , and nb are distributed by CN (0, 1). Lb ∈ CMR×KMS

and Cs
ll ∈ CNR×NS describe the residual SI channel matrix

(after SI cancellation) at the BS and the l-th UE whose
elements are modeled as CN (0, σ2

m) and CN (0, σ2
ll), re-

spectively. σ2
m and σ2

ll indicate the SI levels, which depend
on the cancellation technique and the distance between the
transmit and receive antenna arrays. Cs

lk′ ∈ CNR×(K−1)NS

indicates the UE-to-UE interference channel. The elements
of Cs

lk′ are modeled as i.i.d. CN (0, σ2
lk′) random variables.

The residual SI channels are modeled as Rayleigh fading,
which is a common assumption in existing literature [2]. This
assumption holds as the line-of-sight (LOS) components can
be efficiently suppressed due to the cancellation mechanisms
used, surrounding obstacles and the natural isolation provided
by proper antenna separation [2], [7], [13].

C. Signal Detection
The receive filters Wb ∈ CKNS×MR at the BS and Ws

l ∈
CMS×NR at the l-th UE are, respectively, given by

Wb =

{
(ĤHĤ)−1ĤH , for ZF,
ĤH , for MRC.

(3)

Ws
l =

{
[(ĜH

l Ĝl)
−1ĜH

l ]j , for ZF,
ĜH

ll , for MRC,
(4)

where j indicates the [(l− 1)MS + 1 : lMS ] row. We discuss
the achievable rate in the next section.

III. ACHIEVABLE RATE ANALYSIS

In this section, we analyze the sum-rate of the mMIMO
system. To gain insights into the performance, the closed-form
expressions for the achievable rate are derived by utilizing
the approach in [3], where the received signal is written as a
product of a known mean gain and the desired symbol plus an
uncorrelated effective noise. The n-th stream of the received
signals in (1) at the BS can be rewritten as:

ybl,n =
√
psE{wb

l,nhl,n}xs
l,n︸ ︷︷ ︸

desired signal

+ ńb︸︷︷︸
effective noise

, (5)

ńb ≜
√
ps
(
wb

l,nhl,n − E{wb
l,nhl,n}

)
xs
l,n︸ ︷︷ ︸

Gain error

+
√
ps
∑NS

n′ ̸=n
wb

l,nhl,n′xs
l,n′︸ ︷︷ ︸

Multi-stream interference from the l-th UE

+
√
pbwb

l,nL
bxb︸ ︷︷ ︸

BS SI

+
√
ps

K∑
k′ ̸=l

NS∑
n′=1

wb
l,nhk′,n′xs

k′,n′︸ ︷︷ ︸
Multi-UE Interference

+ wb
l,nn

b︸ ︷︷ ︸
Noise at the BS

, (6)
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where wb
l,n ∈ CMR is the [(l − 1)NS + n]-th row of Wb.

Similarly, the m-th stream of the BS for the l-th UE signal
is given by

ysl,m =
√
pbE{ws

l,mgll,m}xb
l,m︸ ︷︷ ︸

desired signal

+ ńs
l︸︷︷︸

effective noise

, (7)

ńs
l ≜

√
pb
(
ws

l,mgll,m − E{ws
l,mgll,m}

)
xb
l,m︸ ︷︷ ︸

Gain error

+
√
pb
∑MS

m′ ̸=m
ws

l,mgll,m′xb
l,m′︸ ︷︷ ︸

Multi-stream interference at BS

+ ws
l,mns

l︸ ︷︷ ︸
Noise at l-th UE

+
√
pb
∑K

k′ ̸=l

∑MS

m′=1
ws

l,mglk′,m′xb
k′,m′︸ ︷︷ ︸

Interference from other BS antennas

+
√
psws

l,mCs
llx

s
l︸ ︷︷ ︸

l-th UE SI

+
√
ps
∑K

k′ ̸=l
ws

l,mCs
lk′xs

k′︸ ︷︷ ︸
UE-to-UE interference

, (8)

where ws
l,m ∈ CNR is the m-th row of Ws

l and glk′,m′

represents the m′-th column of Glk′ , ∀m′ = 1, · · · ,MS .
Using (5), the achievable UL rate for the n-th stream of the
l-th UE received at the BS is given by

Rb,i
l,n = log2

(
1 +

Ab
l,n

Bb
l,n + Cb

l,n +Db
l,n + Eb

l,n + F b
l,n

)
, (9)

where Ab
l,n = ps|E{wb

l,nhl,n}|2,
Bb

l,n = psVar(wb
l,nhl,n), Cb

l,n = ps
∑NS

n′ ̸=n E{|wb
l,nhl,n′ |2},

Db
l,n = ps

∑K
k′ ̸=l

∑NS

n′=1 E{|wb
l,nhk′,n′ |2},

Eb
l,n = pbE{|wb

l,nL
b|2} , and F b

l,n = E{|wb
l,nn

b|2} represent
the power of the desired signal, gain error, multi-stream
interference from the l-th UE, multi-UE interference, SI, and
the noise at the BS, respectively and i ∈ {MRC, ZF}.

Similarly, the achievable DL rate of the m-th data stream
of the BS for the l-th UE is

Rs,i
l,m = log2

(
1 +

As
l,m

Bs
l,m + Cs

l,m +Ds
l,m + Es

l,m

)
, (10)

where As
l,m = pb|E{ws

l,mgll,m}|2, Bs
l,m = pbVar(ws

l,mgll,m),
Cs

l,m = pb
∑MS

m′ ̸=m E{|ws
l,mgll,m′ |2},

Ds
l,m = pb

∑K
k′ ̸=l

∑MS

m′=1 E{|ws
l,mglk′m′ |2}, and

Es
l,m = psE{|ws

l,mCs
ll|2}+ ps

∑K
k′ ̸=l E{|ws

l,mCs
lk′ |2}

+E{|ws
l,mns

l |2} represent the power of the desired signal, gain
error, BS multi-stream interference, interference from other BS
antennas, and the sum of the power of the l-th UE SI, UE-to-
UE interference, and the noise at the l-th UE, respectively.

A. Closed-form solutions based on ZF and MRC

Here, we evaluate the closed-form solutions using ZF and
MRC.

Theorem 1. In the presence of imperfect CSI, the achievable
UL rate for the n-th stream of the l-th UE at the BS and the
DL achievable rate for the m-th data stream of the BS for

the l-th UE of the FD massive MIMO system using ZF are,
respectively, given by

Rb,ZF
l,n = log2

(
1 +

ps(MR −KNS)β̂
2
l,n

ps
∑K

k′=1

∑NS

n′=1 β̃
2
k′,n′ + ζ + 1

)
, (11)

Rs,ZF
l,m = log2

1 +
pb(NR −KMS)β̂

2
ll,m

pb
K∑

k′=1

MS∑
m′=1

β̃2
lk′,m′ +Ψ+ 1

 , (12)

where Ψ = ps(σ2
ll +

∑K
k′ ̸=l σ

2
lk′)NS and ζ = pbσ2

mKMS .

Proof. Please refer to Appendix A.

The numerators in (11) and (12) indicate the beamforming
gains in the UL and DL, respectively. Increasing MR and
NR antennas causes a monotonic increase in the achievable
rate. However, there is a decrease of KNS and KMS DoF
in the beamforming gains in the UL and DL, respectively, to
place the signals in a null space and suppress interference.
The denominators in (11) and (12) constitute the power of
the interferences and noise. The first term in denominators
in (11) and (12), known as non-coherent interference (NCI),
is independent of the receive antennas but depends on the
mean-square of the channel estimation error. As the quality
of the channel estimate improves, the NCI power decreases.
It is observed from ζ in (11) that the BS SI depends on the
BS transmit power, number of UEs, data streams transmitted
by the BS, and the BS SI level. When these terms are fixed,
decreasing BS transmit power can help reduce the BS SI at
the expense of the DL rate. Also, as seen from Ψ in (12), the
UE SI and UE-to-UE interference depend on the UE transmit
power, the number of UEs, and the UE data streams. Similarly,
reducing the transmit power at the UEs decreases the SI and
consequently lowers the UL rate. The BS and UEs SI can also
be reduced by increasing the number of receive antennas.

Theorem 2. By using the MRC receiver and under the
assumption of imperfect CSI, the achievable UL rate for the
n-th data stream of the l-th UE at the BS and the achievable
DL rate for the m-th stream of the BS for the l-th UE of the
FD mMIMO system are expressed as

Rb,MRC
l,n = log2

(
1 +

psMRβ̂
2
l,n

ps
∑K

k′=1

∑NS

n′=1 βk′,n′ + ζ + 1

)
,

(13)

Rs,MRC
l,m = log2

(
1 +

pbNRβ̂
2
ll,m

pb
∑K

k′=1

∑MS

m′=1 βlk′,m′ +Ψ+ 1

)
,

(14)

respectively.

Proof. Please refer to Appendix B.

The beamforming gains, i.e., the numerators of (13) and
(14), grow proportionally with MR and NR, respectively.
Unlike ZF, MRC does not sacrifice any DoF to reduce inter-
ference power. The NCI power, which depends on the channel
gains in MRC, is thus more pronounced compared to ZF. ζ
denotes the effect of the BS SI and Ψ represents the UE SI
and the UE-to-UE interference powers. ζ and Ψ depend on the
SI strength, transmit power, number of UEs and the number
of streams. The effect of ζ and Ψ can be counteracted by
increasing MR and NR.

Remark. As the signal-to-noise ratio (SNR) ≜ ps = pb −→
∞ (assuming unit noise power), (11)-(14) reduce to

R̃b,ZF
l,n = log2

(
1 +

(MR−KNS)β̂2
l,n∑K

k′=1

∑NS
n′=1

β̃2
k′,n′+σ2

mKMS

)
,
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R̃s,ZF
l,m = log2

(
1 +

(NR−KMS)β̂2
ll,m∑K

k′=1

∑MS
m′=1

β̃2
lk′,m′+Ψ̄

)
,

R̃b,MRC
l,n = log2

(
1 +

MRβ̂2
l,n∑K

k′=1

∑NS
n′=1

βk′,n′+σ2
mKMS

)
, and

R̃s,MRC
l,m = log2

(
1 +

NRβ̂2
ll,m∑K

k′=1

∑MS
m′=1

βlk′,m′+Ψ̄

)
, respectively,

where Ψ̄ = (σ2
ll +

∑K
k′ ̸=l σ

2
lk′)NS .

The transmit and interference powers grow simultaneously
with the SNR. As such, the SE cannot be improved by merely
increasing transmit power.

B. Sum SE
The sum SE of the system of the FD mMIMO system using

ZF or MRC is expressed as SE =
T−τp

T Ri, where

Ri =
∑K

l=1

(∑NS

n=1
Rb,i

l,n +
∑MS

m=1
Rs,i

l,m

)
. (15)

To obtain the optimal number of streams for maximum sum
SE, a one-dimensional search method such as the golden-
section search (GSS) algorithm is employed. GSS is known to
minimize the number of iterations and improve the optimum
SE convergence rate [14].

Algorithm 1 Optimal number of streams/pilot length line
search algorithm

1: Initialize the number of streams
2: repeat
3: Calculate the sum SE
4: Update τp or streams4 with a line search algorithm
5: until Convergence

IV. NUMERICAL RESULTS

In this section, numerical results are presented to corrob-
orate the accuracy of the derived results. Unless otherwise
stated, we assume that σ2

m = σ2
ll = σ2

lk′ = 0.3, ∀l. The pilot
power, coherence interval, and the pilot sequence length are
pp = 10 dB, T = 200 (symbols), and τp = K(MS + NS),
respectively. We assume that the BS and UEs transmit equal
number of data streams i.e., MS = NS . We set βl,n = βll,m =
0.1,∀l, NT = NS , MT = KMS . Monte-Carlo simulations are
averaged over 104 channel realizations.

Fig. 2 shows the sum-rate versus the SNR. The simulation
results are obtained by substituting (9)-(10) into (15) while the
analytical results are obtained by placing (11)-(12) and (13)-
(14) into (15) for ZF and MRC, respectively. It is observed that
the analytical plots match tightly with the simulation. In Fig
2(a), due to better interference suppression, ZF outperforms
MRC in the high SNR region for K = 2, 4. As the number
of UEs increases from 2 to 4, the sum-rate improves due to
increased multiplexing gain. However, as the SNR increases,
the sum-rate saturates because the interference power also rises
(see Remark). The effect of a few receive antennas on the
sum-rate is demonstrated in Fig. 2(b). ZF performs worse
than MRC with fewer antennas, as the available DoF for
nulling interference in ZF is insufficient (see numerators (11)-
(12)). However, as MR (NR) increases, ZF performs better
than MRC as typically expected5. Overall, additional antennas
improve the SE, but ZF provides about 2.29 bits/s/Hz gain over
MRC as the effect of NCI power in ZF is further reduced
compared to MRC (see denominators in (12)-(14)).

Next, we plot the sum SE against the SNR in Fig. 3(a).
At SNR = 5 dB, there are about 10 bits/s/Hz and 9 bits/s/Hz

4Round off non-integer values of τp or streams to the nearest whole number.
5This also occurs in generic systems as well [1]. However, the configuration

used here is a little different. Also we consider multi-stream effects.
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Fig. 2. Sum-rate versus SNR, where pp = 10 dB, and T = 200. (a) MR =
300, 200, NR = 150, 100, K = 2, 4 (b) MR = 100, 50, NR = 50, 25,
K = 4.
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Fig. 3. (a) Sum SE versus SNR, where MR = 200, NR = 50, K = 2,
pp = 10 dB, σ2

ll = 0.3, and T = 200. (b) Sum SE against number of
streams.

gains for ZF and MRC, respectively, as the number of streams
increases from 2 to 4 ZF reduces multi-stream transmission
effects and performs better than MRC, especially in the high
SNR region. For example, at SNR = 20 dB, ZF has about
1.86 bits/s/Hz and 2.67 bits/s/Hz gain over MRC for 2 and
4 streams, respectively. However, the benefit of multi-stream
transmission eventually wanes due to the corresponding rise
in channel estimation overhead and multi-stream interference.
This effect is shown in Fig. 3(b), where the sum SE is plotted
against the number of streams for different SNR values. The
sum SE initially increases with the number of streams and
grows to an optimal point but finally declines due to increased
interference (SI, UE-to-UE, and NCI). Here, ZF decays faster
than MRC (see comments in Theorems (1) and (2)). The
optimal number of streams shown with the black squares in
Fig. 3(b) is found by using Algorithm 1. The sum SE also
grows with the SNR due to improved beamforming. Increasing
the SNR further slows down the SE growth as the interferences
stated above depend on the transmit power. For example, with
8 data streams and a fixed number of antennas, the SE of
MRC increases by 9.28 bits/s/Hz when the SNR increases
from −10 dB to −5 dB and by about 2.89 bits/s/Hz when the
SNR increases from 0 dB to 10 dB whereas the SE for ZF
increases by 10.21 bits/s/Hz and 3.72 bits/s/Hz when the SNR
rises from −10 dB to −5 dB and 0 dB to 10 dB, respectively.

The effect of the pilot length on the sum SE is investigated
in Fig. 4. The sum SE increases with pilot length for MRC
and ZF due to better channel estimation. However, as the
pilot length increases, the available slot for data transmission
reduces, causing the SE to decrease. Also, the pilot length
required to achieve optimum sum SE reduces with increasing
pilot power. As shown in Fig. 4, ZF attains slightly higher
performance than MRC for any number of UEs and a few
data streams e.g., 2 streams. The optimal pilot lengths (black
circles) for the maximum SE are found with Algorithm 1.
The effect of SI on sum SE when the BS and UEs operate
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Fig. 4. Sum SE versus pilot length, where NS = MS = 2, T = 100,
MR = 200, and NR = 50.
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Fig. 5. (a) Sum SE versus SI, where NS = MS = 2, K = 4, T = 200,
MR = NR = 50, and ps = pb = pp = 5 dB. (b) Sum SE versus number
of massive antennas, with σ2

ll = −5 dB.

in either HD or FD mode is shown in Fig. 5(a). In the HD
mode, the sum SE is obtained by setting all the SI and UE-
to-UE interference terms in (15) to zero. In addition, the HD
mode imposes a prelog factor of half on the sum SE and uses
double the transmit power of the FD system to ensure fairness.
In Figs. 5(a) and 5(b), the parameters are set as: ps = pb = 5
dB, βl,n = βll,m = 1, and K = 4. Due to the larger
prelog factor of one, FD outperforms the HD mode under
low SI regime as seen in Fig. 5(a). However, the SE of FD
sharply declines as the SI increases and eventually dominates
the system. Fig. 5(b) plots the sum SE against the number
of antennas. A larger antenna array aids in combating SI as
the system exploits the increased DoF offered by the number
of antennas (spatial diversity) to mitigate overall interference.
Similar to the previous plot in Fig. 5(a), FD offers an increased
sum SE over HD due to the larger prelog factor.

V. CONCLUSION

This paper analyzed the performance of a mMIMO system
where the FD BS and UEs with a large-antenna array trans-
mit/receive multiple data streams. MRC and ZF schemes are
employed to detect the signals. The results show that a few
data streams are beneficial for increasing the SE. However, as
the number of streams increases, multi-stream interference and
estimation overhead reduce performance. Also, ZF performs
better than MRC in the high SNR region.

APPENDIX A
Proof of Theorem 1: The desired signal power in (9)

is given by Ab
l,n = ps|E{wb

l,nhl,n}|2= ps. From the
ZF matrix in (3), we can write WbH = I + WbH̃
and wb

l,nhl,n = 1 + wb
l,nh̃l,n since wb

l,n and h̃l,n are
uncorrelated. The variance is given as Bb

l,n = psVar(wb
l,nhl,n)

= psE{|wb
l,nhl,n|2} − ps

(
E{wb

l,nhl,n}
)2

=
psβ̃2

l,n

(MR−KNS)β̂2
l,n

.

The multi-stream interference power from the l-th UE, Cb
l,n =

ps
∑NS

n′ ̸=n E{|wb
l,nhl,n′ |2 = ps

∑NS

n′ ̸=n E{|wb
l,nh̃l,n′ |2} =

ps
∑NS

n′ ̸=n

β̃2
l,n′

(MR−KNS)β̂2
l,n

. Also, the multi-UE interference

power Db
l,n = ps

∑K
k′ ̸=l

∑NS

n′=1 E{|wb
l,nhk′,n′ |2}

= ps
∑K

k′ ̸=l

∑NS

n′=1

β̃2
k′,n′

(MR−KNS)β̂2
l,n

. The BS SI power is

obtained as Eb
l,n = pbE{|wb

l,nL
b|2} =

pbσ2
mKMS

(MR−KNS)β̂2
l,n

. The

BS noise power F b
l,n = E{|wb

l,nn
b|2} = 1

(MR−KNS)β̂2
l,n

. By
plugging these terms into (9), (11) is obtained. Similarly, (12)
can be obtained using the above steps.

APPENDIX B
Proof of Theorem 2: Following similar steps used for [15,

(19)] and [3, (6)], the desired signal power is given as Ab
l,n =

ps|E{wb
l,nhl,n}|2 = ps|E{ĥH

l,nhl,n}|2 = psMR
2(β̂2

l,n)
2. The

variance Bb
l,n = psVar(wb

l,nhl,n) = psMRβl,nβ̂
2
l,n. For

the multi-stream interference power from the l-th UE, we
obtain Cb

l,n = ps
∑NS

n′ ̸=n E{|wb
l,nhl,n′ |2} = psE{|ĥH

l,n(ĥl,n′ +

h̃l,n′}|2} = psMRβl,n′ β̂2
l,n. The multi-UE interfer-

ence power Db
l,n = ps

∑K
k′ ̸=l

∑NS

n′=1 E{|wb
l,nhk′,n′ |2} =

psMRβk′,n′ β̂2
l,n. The BS SI power, Eb

l,n = pbE{|wb
l,nL

b|2} =

pbσ2
mKMSMRβ̂

2
l,n. The noise at BS is given by F b

l,n =

E{|wb
l,nn

b|2} = MRβ̂
2
l,n. Substituting these terms into (9),

(13) is obtained. Please note that (14) is also found with the
above steps.
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