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Abstract—This paper investigates RF power leakage in mil-
limeter wave (mmWave) networks operating on hybrid beam-
forming (HB) system where a base station with massive
MIMO antennas communicates with user equipment (UE) nodes
equipped with a single antenna. RF power leaks between spa-
tially divided transmissions to different users, due to back/side
lobes of antennas. A maximum sub-array transmission diversity
technique implemented on HB is proposed to improve the system
performance under RF power leakage and residual transceiver
distortion noise. In this work, we emphasize how RF power
leakage and residual transceiver distortion noise constraints
degrade the quality of communication performance in terms
of outage probability (OP) and ergodic capacity. An analytic
model of mmWave connectivity is used, resulting in closed-form
expressions for the OP and ergodic capacity. These are cor-
roborated through Monte-Carlo simulations. Simulation results
demonstrate that the effect of transceiver distortion noise is
more severe at high signal power due to the proportionality of
transceiver distortion noise to signal power.

Index Terms—Diversity, hybrid beamforming, millimeter wave
communication, Nakagami-m fading channel.

I. INTRODUCTION

Millimeter wave (mmWave) frequencies and massive
multiple-input-multiple-output (MIMO) antennas are driving
technologies for future networks. Commercial 5G networks
are already being deployed by some operators in South Korea,
the USA, and the UK. Beamforming and beam steering are
major techniques while implementing mmWave networks.
Three major types of beamforming structures: digital [1],
analog [2], and hybrid beamforming (HB) [3] are considered
in the literature to implement beamforming/steering in the
mmWave domain. Theoretically, digital beamforming allows
precise beamforming, thus the best performance, at the cost
of a high number of RF chains that accumulate an additional
cost for a network implementation. On the other hand, analog
beamforming is cheaper to implement; however, calibration
of phase shifters is time-consuming and imprecise. Therefore,
HB is an optimal solution to combine the advantages of
both digital/analog beamforming structures and it has gained
considerable attention in the literature. HB offers a higher
degree of freedom due to multistream digital processing, as
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well as analog processing of a large number of antenna
elements which provides array gain by using analog phase
shifters. Moreover, HB allows the implementation of multi-
user communication within the cell. MmWave frequencies
suffer from high propagation loss caused by water vapor and
oxygen absorption. In addition, signal blockage (e.g., self-
blockage, static blockage, and dynamic blockage) complicates
mmWave communication. Therefore, it is essential to imple-
ment independent diversity paths between a transmitter and
receiver in mmWave communication to guarantee a quality
of service. The authors in [4] proposed dual-function HB
and transmit diversity network architecture, where the antenna
array is divided into sub-arrays that are farther located from
each other to experience independent fading. The authors in [5]
presented a novel hybridly connected structure for mmWave
massive MIMO. The spectral efficiency of the hybridly con-
nected structure outperforms the partially connected one.
Ideal transceiver hardware is assumed in the aforementioned
works and most of the technical literature; however, practi-
cal transceivers experience non-linearity in power amplifiers,
phase noise, in-phase and quadrature (I/Q) imbalance, and
ADC/DAC quantization errors. According to [6], mmWave
frequencies are more susceptible to transceiver distortion noise
than centimeter wave frequencies. The aggregate residual hard-
ware impairments in mmWave massive MIMO systems have
been modelled as additive white Gaussian noise proportional
to average signal power [7]. Moreover, RF power leakage
is has to be taken into account when considering multi-user
communication. RF power leakage occurs when an analog
beamformed signal emitted to a neighboring user equipment
(UE) is combined with the desired UE signal. The literature on
RF power leakage of neighboring nodes given HB for multi-
user communication is limited. A leakage-based precoding
scheme for multi-user mmWave channels was investigated in
[8] for an ideal system model.

In this work, we shall investigate downlink communication
among a mmWave base station and UE terminals by utilizing
HB diversity techniques. In addition, the proposed mmWave
network is constrained by transceiver distortion noise originat-
ing from transceiver hardware as well as RF power leakage.

We make the following assumption for the mmWave chan-
nel: after the analog precoding part of HB is done, the channel
model seen from the digital precoder part is statistically
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Fig. 1. Hybrid beamforming mmWave network model under RF power
leakage constraint by using SDMA to separate users.

modelled as a fading channel scaled by the antenna array
gain from the analog beamforming network. Inspired by recent
studies in [9]–[12] a Nakagami-m fading channel model is
used to describe the mmWave channel. The advantage of
Nakagami-m fading channel is not only its analytical tractabil-
ity but also the ability to model line-of-sight (LOS)/non-LOS
(NLOS) components of the mmWave channel. According to
outdoor experiment results taken place at the 5G trial area in
Tokyo Odaiba at 28 GHz frequency in [13], both NLOS and
LOS are crucial factors influencing mmWave communication
performance. The main contributions of this work are outlined
as follows:
• We introduce a multi-user mmWave network model based

on the HB that accounts for RF power leakage from
neighboring UEs and aggregate transceiver distortion
noise.

• The proposed maximum sub-array transmission (MST)
diversity technique enables to combine multiple and inde-
pendent sub-arrays to enhance the reliability measured by
outage probability. The MST diversity technique combats
both the path loss and RF power leakage.

• After formulating the instantaneous signal-to-power
leakage-distortion and noise-ratio (SPDNR) for HB
mmWave network and deriving its distribution, we eval-
uate the outage probability (OP) and ergodic capacity
with its lower bound. We verify analytical closed-form
expressions through Monte-Carlo simulations.

II. SYSTEM MODEL

We consider a multi-user mmWave network for downlink
transmission from a base station to a UE as shown in Fig. 1.
The base station uses space division multiple access (SDMA)
for simultaneous communication with UEs. For simplicity, we
consider two UEs in the system; UE 1 is the desired user, and
simultaneous transmission to UE 2 causes RF power leakage
to UE 1 as depicted in Fig. 1.

In Fig. 2, we present a HB structure between the base
station and the UE 1. The base station dedicates Nt antennas
for each UE to implement MST diversity with the order of
Ns = Nt/N , where N is the number of antennas per sub-
array. Thus, multiple antennas are used to make a series

Fig. 2. Hybrid beamforming network with maximum sub-array transmission
diversity technique directed to UE 1.

of analog beamformers with the same alignment toward the
desired user, by dividing them into Ns sub-arrays.

Similar to [4], we assume that two consecutive sub-arrays
are separated by several wavelengths, e.g., d > 5λ, where λ
stands for wavelength and d denotes the distance between sub-
arrays such that each RF chain experiences an independent
and uncorrelated path. This is a feasible assumption since,
in mmWave bands, wavelengths correspond to very small
distances. The sub-array division of the analog beamformer
network enables us to establish independent and uncorrelated
Nakagami-m distributed diversity channels between the base
station and UE. Next, we assume a sectored pattern model
similar to [14] for modelling the array pattern of each analog
beamforming sub-array:

G(θ) =

{
Gm, |θ| ≤ θb,
Gs, otherwise,

(1)

where θ is a boresight angle, θb is an antenna beamwidth, Gm
is a main lobe antenna gain and Gs is a side/back lobe antenna
gain. Thus, the antenna gain is modelled by constant values in
the main lobe and side/back lobe sector. Besides, we assume
perfect beam sweeping process for the base station and UEs
to estimate the angle of arrival. The base station uses control
channels to align a desired user to the main lobe sector. Each
sub-array contains N antennas connected to a phase shifter
network that forms a beam towards the desired UE. At the
receiver side, we consider a single antenna user connected to
the RF chain. In Fig. 2, the data stream s1 with the average
signal power P1 feeds into a linear digital precoder w with
the size Ns × 1. The digital precoder weight for sub-array k
is defined as

wk =
h∗k
‖hk‖

, (2)

where hk is modelled as a Nakagami-m distributed channel
amplitude with integer shape parameter mk ≥ 1 and arbitrary
scale parameter βk > 0. The Euclidian norm is denoted by
‖·‖. Similar to [9], we consider fixed LOS and NLOS fading
channel coefficients as m ∈ {mL,mN}, where mL stands for
LOS and mN denotes NLOS fading parameters. In addition,
we set the path loss exponent, α0, as LOS and NLOS given
as α0 ∈ {αL, αN}, respectively. Next, the digitally precoded
signal is multiplied by an analog precoder vector with antenna
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gain Gm assuming that the main lobe beam is aligned to the
desired UE. After a digitally precoded signal is fed to Ns
phase shifter networks, Ns independent beams are received at
the UE 1. Thus, we formulate the received signal for the non-
ideal system model under RF power leakage and aggregate
transceiver distortion noise as follows
y =

√
Qht

(
w
√
Gm(s1 + ε1) + w

′√
Gs(s2 + ε2)

)
+ n,

(3)
where h = [h1, h2, · · · , hNs ] is a Ns × 1 vector and (·)t
denotes the transpose operator, w is a Ns × 1 vector, and n
is the additive white Gaussian noise with the zero mean and
σ2 variance. In addition, we denote UE 2 channel coefficient
vector with the size Ns × 1 as g = [g1, g2, · · · , gNs ] which
stands for Nakagami-m fading channel coefficients between a
base station and a UE 2. We apply g to evaluate the digital
precoder vector for UE 2 as w

′
= g∗

‖g‖ . Moreover, s2 is the
UE 2 signal with average signal power, P2. The path loss is
evaluated as Q = L−α0 , where L is a communication distance,
α0 is a path loss exponent, and Gs is a side/back lobe antenna
gain. Furthermore, aggregate transceiver distortion noises are
modelled as ε1,2 ∼ CN (0, κ2P1,2), where κ is a measure of
error vector magnitude (EVM)1. Now, by using (2), we get
the following expression for the received signal

y =
√
Q‖h‖

√
Gm(s1 + ε1)+

√
Q

g∗

‖g‖
ht
√
Gs(s2 + ε2)+n.

(4)
From (4), the SPDNR can be calculated as,

γRD =

P1QGm
Ns∑
k=1

|hk|2

P1Qκ2Gm
Ns∑
k=1

|hk|2 +
P2QGs|

Ns∑
k=1

hkg∗k|2(1+κ2)

Ns∑
k=1

|gk|2
+ σ2

.

(5)

By using the Cauchy-Schwarz inequality, |
Ns∑
k=1

hkg
∗
k|2 ≤

Ns∑
k=1

|hk|2
Ns∑
k=1

|g∗k|2, the SPDNR can be simplified to

γRD ≥
a
Ns∑
k=1

Xk

b
N∑
k=1

Xk + c
N∑
k=1

Xk + 1

, (6)

where for notational simplicity, we denote a = P1GmQ
σ2 ,

b = κ2P1GmQ
σ2 , c = P2GsQ(1+κ2)

σ2 , and Xk = |hk|2. The
channel power gain for Nakagami-m distribution is a Gamma
distributed random variable (RV) Xk. We consider indepen-
dent and identically distributed (i.i.d.) fading channel power
gains Xk, for k = 1, · · · , Ns. The cumulative distribution
function (CDF) and probability density function (PDF) of the
sum of N i.i.d. Xk RVs are presented in Lemma 1 below.

Lemma 1. Let us consider a finite set of Ns non-negative i.i.d.

1EVM is a measure of the hardware impairment noises originated from
IQ phase shift, amplifier non-linearity, AWGN, and phase noise [15]. EVM
is a Figure of Merit that evaluates transceiver performance measured in dB
or percentage.

Gamma RVs {Xk}Nsk=1. The sum of these RVs Y =
Ns∑
k=1

Xk is

another Gamma distributed RV with CDF

FY (y) =
1

Γ(mNs)
γ

(
mNs,

y

β

)
, (7)

where m = mk, β = βk, Γ(·) is the Gamma function and
Γ(·, ·) is the incomplete Gamma function. Moreover, the PDF
for RV Y is

fY (y) =
1

Γ(mNs)βm
ymNs−1e−

y
β . (8)

III. OUTAGE PROBABILITY PERFORMANCE

In this section, we evaluate the closed-form expression for
the OP given a system with RF-power leakage and transceiver
distortion noise constraints. The OP for the proposed system is
evaluated as Pout = Pr(γRD ≤ γth), where γth is a predefined
threshold on γRD.

Proposition 1. Consider a finite set of i.i.d. Gamma dis-
tributed RVs Xk = {X1, · · ·XNs} as well positive and real
constants a, b, and c. The CDF of

γRD =

a
Ns∑
k=1

Xk

b
Ns∑
k=1

Xk + c
Ns∑
k=1

Xk + 1

(9)

yields the OP that could be calculated as

Pr(γRD < γth) =

 γ
(
mNs,

γth
(a−bγth−cγth)β

)
Γ(mNs)

, γth <
a
b+c

1, γth >
a
b+c .

(10)

Proof. Let us denote Y as the summation of Ns i.i.d. Gamma
RVs Xk. With the aid of Lemma 1, we define the CDF of Y
as Y ∼ Gamma(mNs, β), where m is the shape parameter,
Ns is the integer value, and β is the scale parameter. The CDF
of γRD is

Pr(γRD < γth) = Pr

(
aY

bY + cY + 1
< γth

)
=

{
Pr
(
Y < γth

a−bγth−cγth

)
, γth <

a
b+c

1, γth ≥ a
b+c .

(11)

IV. ERGODIC CAPACITY ANALYSIS

In this section, we calculate the generic ergodic capacity
and it’s lower bound for the MST diversity mmWave network
under presence of aggregate transceiver distortion noise and
RF power leakage. By definition, the ergodic capacity is
evaluated as C = E{log2(1+γRD)}, where E{·} stands for the
expectation operator. Using (6), ergodic capacity is calculated
as

C = E
{

log2(1 +
aY

(b+ c)Y + 1

}
= E {log2((a+ b+ c)Y + 1)− log2((b+ c)Y + 1)} .

(12)

Proposition 2. Let us consider a multi-user mmWave network
constrained by RF power leakage and transceiver distortion
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TABLE I
SYSTEM PARAMETERS OF THE PROPOSED SYSTEM MODEL

Parameter Value Description
αL 2 LOS path-loss exponent
αN 4 NLOS path-loss exponent
L 50 m Distance
mL 4 LOS fading parameter
mN 2 NLOS fading parameter
W 100 MHz Bandwidth
f 28 GHz Operating frequency
Gm 16 dB Main lobe gain
Gs -5 dB Side lobe gain
Ns 2 Number of sub-arrays
γth 6 dB Threshold

noise. The SPDNR for this system model is expressed in terms
of positive and real constants a,b,c and RV Y . The ergodic
capacity is evaluated as

C =
1

Γ(mNs)

mNs−1∑
i=0

(mNs − 1)!

(mNs − 1− i)!

×

(
(−1)mNs−i−2e

1
(a+b+c)β

((a+ b+ c)β)mNs−1−iEi

(
− 1

(a+ b+ c)β

)

+

mNs−1−i∑
k=1

(k − 1)!

(−(a+ b+ c)β)mNs−1−i−k

− (−1)mNs−i−2e
1

(b+c)β

((b+ c)β)mNs−1−i Ei

(
− 1

(b+ c)β

)
−

mNs−1−i∑
k=1

(k − 1)!

(−(b+ c)β)mNs−1−i−k

)
, (13)

where Ei(·) is the exponential integral function defined in [16,
Eq. 8.212.2].

Proof. The detailed derivation of the ergodic capacity C for
the proposed system model is given in Appendix A.

A. Lower Bound for Ergodic Capacity

By using the fact that log2(1+a exp(x)), a > 0, is a convex
function for variable x and by applying the Jensen inequality,
we present a general expression for the lower bound of ergodic
capacity for non-ideal MST diversity mmWave system as
Cl = log2 (1 + exp(E{ln(aY )})− E{ln ((b+c)Y +1)}.

(14)

Proposition 3. A lower bound for the ergodic capacity under
Nakagami-m fading channel for the proposed system model is
evaluated as

CNak
l = log2(1 + exp(ln(aβ)+

ψ(mNs))− ln(1 + (b+ c)mNsβ)),
(15)

where ψ(·) is Euler psi function given in [16, Eq. 8.360].

Proof. The proof is relegated in Appendix B.

V. SIMULATION RESULTS

In this section, theoretical results from Sections III and IV
are validated by Monte Carlo simulations. First, we consider
the impact of aggregate transceiver distortion noise and RF

Fig. 3. Outage probability curves versus receive SNR for different levels of
transceiver distortion noise and UE 2 average power.

power leakage level on the performance of the OP. The net-
work parameters used in the simulation are presented in Table
1. We assume LOS links between the base station and UEs.
Since UE 1 power level P1 and β parameters are implicitly
dependent on the received signal-to-noise ratio (SNR), we do
not directly specify them. By definition, SNR = P1E{Y }

σ2 ,
where E{Y } = mNsβ. In Fig. 3, we present the OP results
for hardware impairment level κ = 0.1 and κ = 0.3;
and for the level of RF power leakage from UE 2 being
P2 = 10, 25 dB. We notice that symmetric distortion level
at different RF power leakage levels symmetrically degrade
the OP performance. Based on this figure, both transceiver
distortion noise and RF power leakage deteriorate the OP
performance.

In Fig. 4, we analyze how the number of diversity branches
between a base station and a UE 1 affects the performance of
the system. We set the UE 2 average power to P2 = 10 dB
and use network parameter values as given in Table 1, except
we vary number of sub-arrays, Ns. In Fig. 4, we consider
three plots with Ns = 1, 2, 4 for κ = 0.1, 0.3. As shown in
this figure, increasing the number sub-arrays enhances the OP
performance. For instance, the plot with Ns = 4 demonstrates
the best OP performance.

In Fig. 5, we analyze the ergodic capacity versus SNR given
P2 = 10, 20 dB and κ = 0.01, 0.2, 0.3. The negative
impact of hardware impairment noise on ergodic capacity is
clearly demonstrated in this figure. Moreover, a higher power
of neighbouring UE 2 node causes more RF power leakage
towards UE 1. When SNR = 20 dB and P2 = 10 dB, the
ergodic capacity shows the following performance for different
levels of hardware impairments: for κ = 0.3 we get the
ergodic capacity C = 3.55 bits/sec/Hz, for κ = 0.2
C = 4.59 bits/sec/Hz, and for κ = 0.01 C = 8.2
bits/sec/Hz. Similarly, for SNR = 20 dB and P2 = 20 dB,
we get the following ergodic capacity results: for κ = 0.3
C = 3.20 bits/sec/Hz, for κ = 0.2 C = 3.9 bits/sec/Hz,
and for κ = 0.01 C = 5.0 bits/sec/Hz.
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Fig. 4. Outage probability for a hybrid beamforming mmWave network model
for L = 50 m and different levels of transceiver distortion noise.

Fig. 5. Ergodic capacity for a hybrid beamforming mmWave network model
under RF power leakage constraint and transceiver distortion parameters κ =
0.01; 0.2; 0.3.

VI. CONCLUSION

In this paper, we quantified the effects of RF power leak-
age and hardware transceiver distortion noise on the outage
probability and ergodic capacity performance of a mmWave
network. A base station uses a hybrid beamforming structure
and SDMA to enable multi-user communication with max-
imum sub-array transmission diversity. Our results indicated
that hardware impairment level and RF power leakage signif-
icantly affect the OP and ergodic capacity performance. The
maximum sub-array transmission diversity technique has con-
siderably improved the system performance, and thus reduces
the negative effects of transceiver hardware impairments and
RF power leakage in mmWave communication at the cost of
requiring the implementation of more sub-arrays.

APPENDIX A
PROOF OF PROPOSITION 1

The ergodic capacity is evaluated as follows
C =
∞∫
0

log2(1 + (a+ b+ c)y)fY (y)dy

︸ ︷︷ ︸
A1

−
∞∫
0

log2(1 + (b+ c)y)fY (y)dy

︸ ︷︷ ︸
A2

.

(16)
We evaluate the A1 integral by using (8) and a change of variables
y
β

= z and dy = βdz leading to

A1 =
1

Γ(mNs)

∞∫
0

log2(1 + (a+ b+ c)βz)zmNs−1e−zdz. (17)

Next, by applying [16, Eq 4.222.8] we solve the integral in (17) as
A1 =

1

Γ(mNs) ln(2)

mNs−1∑
i=0

(mNs − 1)!

(mNs − 1 − i)!

(
(−1)mNs−i−2e

1
(a+b+c)β

((a+ b+ c)β)mNs − 1 − i

×Ei(− 1

(a+ b+ c)β
) +

mNs−1−i∑
k=1

(k − 1)!

(−(a+ b+ c)β)mNs−1−i−k

)
,

(18)
where m − 1 > 0. Similarly, we calculate A2 integral in (16) and

present the final expression for the ergodic capacity in (13).

APPENDIX B
PROOF OF PROPOSITION 2

A lower bound for the ergodic capacity is evaluated by using (14)
as
CNak
l =

log2

1 + exp


∞∫
0

ln(ay)fY (y)dy

︸ ︷︷ ︸
B1

−
∞∫
0

ln((b+ c)y + 1)fY (y)dy

︸ ︷︷ ︸
B2



 .

(19)
By using [16, Eq. 4.352.1], we evaluate the integral in B1 as

B1 =
1

Γ(mNs)βmNs

∞∫
0

ln(ay)ymNs−1e
y
β dy

= ln(a) + ψ(mNs) − ln(
1

β
) = ln(aβ) + ψ(mNs). (20)

Furthermore, we evaluate B2 integral by using [16, Eq 4.222.8] as

B2 =
1

Γ(mNs)βmNs

∞∫
0

ln((b+ c)y + 1)ymNs−1e
y
β dy

= ln(1 + (b+ c)mNsβ).

(21)

Finally, by using B1 and B2 integral evaluations and (19) we present
a lower bound for the ergodic capacity in (15).
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