


ABSTRACT

Downlink Transmissions for Millimeter-Wave MIMO Networks with Reconfigurable

Antenna Arrays

by

Shi Su

Millimeter-wave (mmWave) communication devices equip large antenna arrays

which enable directional beamforming to combat the high pathloss. However, the

hardware limitations in digital beamforming devices make analog processing of signals

in RF domain, referred to analog beamforming, more attractive than the traditional

digital beamforming. In this work, we analyze the network performance in two prac-

tical scenarios of mmWave networks. We develop an antenna array reconfiguration

structure in the analog domain with low hardware complexity. We propose analog

beamforming strategies to improve the spectral efficiency in a sparse network and to

improve the coverage probability in a dense network. Such antenna structure and

beamforming strategy can achieve higher performance in downlink transmissions to

multiple end users than conventional antenna sub-array methods. The performance

of the downlink network is evaluated via both theoretical analysis and simulations.

The analytical and numerical results indicate the access points (APs) with the pro-

posed structure and beamforming strategy can reach a performance close to the upper

bound of the downlink network. The proposed transmission strategies can also achieve

a considerable performance improvement in downlink transmissions to multiple end

users than conventional antenna sub-array methods.
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Chapter 1

Introduction

The millimeter-wave (mmWave) wireless communication is one of the promising solu-

tions to address the increasing demand for network throughput [1]. Unlike traditional

wireless bands, the mmWave communication experiences higher pathloss which lim-

its the coverage of mmWave networks [2, 3]. Thanks to the decrease in wavelength,

the size of mmWave antennas become small enough to fabricate large antenna arrays

with hundreds of antennas in the area of a traditional wireless antenna array. Such

antenna arrays can provide directional beamforming to combat the high pathloss.

It follows that the mmWave transceivers can establish strong links in the presence

of the high pathloss [4]. With large antenna arrays and the directional beamform-

ing, the mmWave networks can also transmit multiple streams to multiple end users

simultaneously without severe cross-beam interference. Such a spatial reuse transmis-

sion strategy can significantly increase the spectral efficiency of the network. Further,

mmWave networks are influenced by blockages. Unlike traditional wireless bands, ob-

jects like human body between the mmWave transceivers can interrupt the link and

cause significant extra pathloss [5]. Therefore, the blockage issue should be considered

in the design and analysis of the performance of the network.

In conventional MIMO networks, the beamforming process is often performed

digitally in baseband. However, in mmWave networks with large antenna arrays,

such methods require a large number of mixed signal devices. Such devices are high

in fabrication cost and energy consumption [6]. This hardware constraint makes
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the analog beamforming with phase shifters and switches in the RF domain suitable

for mmWave devices. Several antenna sub-array approaches have been proposed to

transmit multiple streams [7, 8, 9]. Such methods divide the transmit antenna array

into many disjoint sub-arrays. Each antenna element is equipped with one phase

shifter, and each antenna sub-array transmits one data stream processed by one RF

chain. Unlike the access points (APs) with fully-connected antenna arrays considered

in [10, 11], such a structure requires several-fold less analog phase shifters and no

analog combiners [9, 12]. The low hardware complexity of the antenna sub-array

structure leads to a high implementation practicability in mmWave APs with large

antenna arrays.

However, although the antenna sub-array approaches provide practical mmWave

transmission strategies, they require large antenna arrays and may experience low

antenna efficiency. By enabling the antenna array reconfiguration using the analog

switches, the AP has the potential to achieve higher spectral efficiency without ad-

ditional digital beamforming devices. Compared with [8], which equally divides the

antenna array, we consider the performance improvement from allocating different

numbers of antenna elements for different end users using the switches. In [9], a

method allocating different numbers of sub-arrays to each stream in a single-receiver

scenario was presented. We consider a more flexible antenna sub-array division strat-

egy controlling the number of antenna elements for each end user. By allocating

different numbers of antennas for the end users, we can improve the total spectral

efficiency in a sparse network where the end users are data-hungry. Unlike [9], we

consider a multi-user scenario, where the receivers are influenced by cross-beam in-

terference.

In many service scenarios, such as video streaming, the end users require a certain
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data rate rather than unlimited data. In such a network, optimizing the coverage

performance to let more end users reach their target rate is more critical than im-

proving the spectral efficiency. However, the high path-loss and the blockage features

limit the coverage performance of the mmWave networks. Prior works have shown

the coverage and rate trends in mmWave networks. In [2, 13, 14], the difference in the

coverage and rate performance between the mmWave networks and the conventional

networks are presented. In [15], a simplified mmWave propagation and interference

model is presented, and the coverage in a dense network of multiple APs is analyzed

via both theoretical analysis and numerical simulation. We consider a transmission

scenario in a dense mmWave network, where there are more end users than the RF

chains. It follows that the AP has to serve the end users in a time-division man-

ner. We take the advantage of the analog beamforming using the analog switches

and phase shifters and propose transmission strategies for the APs to improve the

coverage performance of the dense mmWave network.

In this work, we focus on the performance gain from the process in the analog

domain with phase shifters and switches for downlink transmissions in mmWave net-

works. We develop an antenna sub-array division method using the analog switches

for the antenna sub-array APs. We consider APs with analog beamforming only,

where the AP processes the data streams independently. Such APs are of interest

due to the low implementation complexity. With the proposed structure, we can

allocate the antenna array gain by changing the antenna configuration using analog

switches and phase shifters.

In Chapter 3, we analyze the spectral efficiency in a sparse mmWave network,

in which the end users can be served simultaneously. We propose an antenna array

reconfiguration strategy using the analog switches to increase the spectral efficiency
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in such a sparse mmWave network. We derive the performance degradation in the

presence of the cross-beam interference in mmWave MIMO APs with the beam-

steering strategy. An interference mitigation strategy derived from the minimum

mean squared error (MMSE) beamforming is also presented to suppress the non-

negligible interference in high signal-to-noise ratio (SNR) regimes.

In Chapter 4, we present coverage optimization methods in a dense mmWave

network. Because of the mmWave AP is equipped with a limited number of RF chains,

the AP cannot serve all the users in a dense network simultaneously. Therefore,

in a dense network, the AP has to enable the time division transmissions to serve

end users more than the number of RF chains. As the probing the exact channel

in a dense network is not efficient, which leads to a high complexity of enabling the

interference mitigation, we use the practical beam-steering as the analog beamforming

strategy in the dense network. We analyze the coverage probability in the dense

network. Transmission strategies are proposed to optimize the coverage probability

in a dense network considering the performance improvement from both the antenna

array reconfiguration and the time-division.

In Chapter 5, the performance of the networks is evaluated via numerical sim-

ulations. The numerical results compare the difference between resource allocation

methods and beamforming strategies. The proposed analog techniques can achieve a

significant increased spectral efficiency in the sparse mmWave networks and coverage

probability in the dense mmWave networks. A near upper bound performance can

be reached as well.
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Chapter 2

System Model

2.1 Network Topology

Consider the downlink transmission from the AP to M end users in mmWave net-

works. The end users are randomly distributed in the circular service area of the AP

with a radius of D, as shown in Figure 2.1. The AP is located above the center of

the plane. The height of the AP is Dh.

To transmit multiple data streams to various end users simultaneously, the AP

needs to be equipped with multiple RF chains. We denote the number of RF chains

on the AP as K, where K is typically less than ten [7-10]. Due to the small size of

mmWave antennas, the form factor of the mmWave AP can support a large antenna

array of Nt antenna elements, where Nt is typically at the level of hundreds [7-10].

It follows Nt ≫ K. A switch and an analog phase shifter connect each antenna

element to the RF chains, where the switch is used to enable antenna sub-array

reconfiguration. The analog beamforming is implemented by the phase shifters. We

assume the phase shift of each antenna element can be controlled independently. In

the network, we assume each end user is equipped with one RF chain and an antenna

array. The number of antennas for end user m is denoted by Nrm. Each receive

antenna element is connected to the RF chain through a phase shifter to enable

receive analog beamforming.
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Figure 2.1 : The distribution of the mmWave AP and the end users.

2.2 Channel Model

In mmWave APs, a data stream is transmitted by an antenna array rather than a

single antenna element [4]. Therefore, unlike the statistical fading channel models in

traditional wireless bands, the characteristics of the mmWave channel can be captured

based on the pattern of the antenna array in terms of the directions and distances

between the transceivers [16, 17]. Here, we consider a planar antenna array, which

has an efficient array pattern with linear features [8]. Let φ and θ denote the azimuth

angle and the elevation angle respectively. Given the phase shift of each antenna

element, the array amplitude at the direction (φ, θ) can then be written as [18]

At(φ, θ) =
1

√

NxNy

Nx
∑

nx=1

Ny
∑

ny=1

exp {j(nx − 1)Ψx(φ, θ)+j(ny − 1)Ψy(φ, θ)− jψnx,ny
},

(2.1)

where Nx and Ny represent the numbers of antennas in the x direction and the y

direction respectively and Nt = NxNy; (nx, ny) refers to the antenna element located

at the nx
th in the x direction and ny

th in the y direction; ψnx,ny
denotes the phase
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shift of antenna element (nx, ny). Let λ denote the wavelength of the transmit signals.

Ψx(φ, θ) and Ψy(φ, θ) can then be defined as Ψx(φ, θ) =
2π
λ
ax cosφ sin θ and Ψy(φ, θ) =

2π
λ
ay sin φ sin θ, in which ax and ay represent the distances between antenna elements

in the x direction and the y direction respectively. Effectively, we assume ax = ay =

λ/2 [8]. Note that (2.1) can be used only for the rectangular planar array. However,

a non-rectangular array can be easily partitioned to rectangular arrays. Then the

array amplitude can be calculated as the summation of the rectangular arrays.

One of the beamforming strategies is the beam-steering, which steers the beam

towards the shortest transmission path of an end user [10, 19]. Assume (φm,0, θm,0) to

be the direction of the shortest path between the AP and end user m. To maximize

the transmit signal amplitude at the direction (φm,0, θm,0), the phase shift of antenna

(nx, ny) on the AP can be written as

ψnx,ny
=(nx − 1)Ψx(φm,0, θm,0) + (ny − 1)Ψy(φm,0, θm,0) + C, (2.2)

where C is a constant. Note that the beam-steering achieves the highest beamforming

gain at its steered direction. By using the beam-steering strategy, the gain for a

transmit array with Ntm antennas equals to Ntm. Similarly, the receive antenna array

of end user m can achieve a maximum gain of Nrm if the end user receives the signal

with the beam-steering.

In a multi-user mmWave network, assume each end user receives an independent

data stream from an antenna sub-array. Then the signal processed by RF chain k

causes interference at the end user m, if the signal is not intended for end user m.

Denote L as the number of transmission paths for each end user; l is the index of the

path. The index l = 0 represents the shortest path, which is a line-of-sight (LOS)

channel if the end user is not blocked. The indices l = 1, . . . , L − 1 represent

non-line-of-sight (NLOS) channels. As the directional characteristic of large antenna
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Figure 2.2 : Architecture of planar antenna array and end user directions.

arrays leads to a suppression in multi-path profiles in mmWave networks, and the

high pathloss in mmWave propagation further limits the spatial selectivity [11]. We

assume each signal is transmitted through limited transmission paths. Given the

phase shift values of all antenna elements, the multi-path receiving gain of end user

m from the signal modulated by the kth RF chain can then be written as

Gkm =

∣

∣

∣

∣

∣

L−1
∑

l=0

√

γ

dαm,l

A
(k)
t (φm,l, θm,l)A

(m)
r

∣

∣

∣

∣

∣

2

, (2.3)

where A
(k)
t is the amplitude of the transmit antenna sub-array that is connected to

RF chain k; A
(m)
r is the amplitude of the receive array of end user m, which can be

calculated in the same way as A
(k)
t . As shown in Figure 2.2, let (φm,l, θm,l) represent

the transmitting directions of the lth path of end userm. γ is the pathloss factor, which

is different for LOS channels and NLOS channels, denote as γL and γN respectively

[20]. Denote dm,l as the length of the transmission path of the lth path to end user m.

α is the pathloss exponent. We assume α to be αL = 2 in LOS channels and αN = 3.3

in NLOS channels [20, 21].

Here we use M = K as an example, we assume the end user m is served by the
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RF chain indexed k = m and the corresponding antenna array. Denote Pt as the

transmit power constraint of the RF chain, then the signal-to-interference-plus-noise

ratio (SINR) for end user m can be written as

SINRm =
PtGmm

σ2
n + Pt

∑K
k=1,k 6=mGkm

, (2.4)

where σ2
n denotes the power of noise in the network. σ2

n is calculated as σ2
n =

−174dBm+10 log10B+F [13], where B is the transmission bandwidth in Hz and F is

the noise figure in dB. In an outdoor environment, because the shortest path is dom-

inant in the SINR, considering only the shortest path between the transceivers can

approximate the channel. With the beam-steering, the SNR of end user m without

considering the interference can be written as

SNRm =
NtmNrmPtγ

dαm,0σ
2
n

, (2.5)

where Ntm represents the antenna number of the sub-array that serves end user m;

Nrm represents the number of receive antennas on end user m. Note that the beam-

steering has the optimal signal strength, and there is no cross-beam interference in

(2.5). Therefore, the SNR in (2.5) is an upper bound of the SINR in (2.4) considering

the shortest path.

2.3 Blockage Model

In mmWave networks, the direct path between the transceivers may be blocked by

objects such as human body. The blocked end users can only be served through the

NLOS channels. The blockage probability of the end users is dependent on their

distances to the AP. Following the model shown in [22, 23], given d as the distance

between the transceivers, we calculate the blockage probability at the distance d as

PrB(d) = 1− e−βd, (2.6)
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where β is a factor dependent on the density and shape of obstacles. B represents

an end user being blocked. Note that β = 0m−1 corresponds to a network without

blockage, and a higher value of β corresponds to a network with higher blockage

probability. The overall blockage probability in the whole network can be calculated

as

PrB = 1−
(

2Dh

βD2
+

2

β2D2

)

e−βDh +

(

2
√

D2 +D2
h

βD2
+

2

β2D2

)

e−β
√

D2+D2
h. (2.7)

We use the overall blockage probability as the parameter in the comparison of the

network performance with different blockage probabilities.
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Chapter 3

Spectral Efficiency with Reconfigurable Antenna

Arrays

In this chapter, we analyze the spectral efficiency of the sparse downlink mmWave

multi-user network, where M = K. We first choose the beam-steering as the analog

beamforming strategy. We obtain the spectral efficiency gain by using the reconfig-

urable antenna arrays of the AP. We then derive the performance degradation in the

presence of cross-beam interference, which is not significant in the low SNR regimes.

Then an interference mitigation method for the high SNR regimes is presented.

3.1 Reconfigurable Antenna Array Formulation

We start by introducing the reconfigurable antenna sub-arrays. In APs with such

devices, the antenna array is divided into multiple disjoint sub-arrays. Each antenna

sub-array is connected to one RF chain. In a sparse network where M = K, all

the end users can be served at the same time. Effectively, we assume end user m is

served by sub-array k = m and its RF chain. The RF chain has the same transmit

power constraint, while the number of antennas for each sub-array can be different.

As shown in Figure 3.1, the antenna selection for each sub-array is implemented

by using the switch between the RF chain and the antenna element. We choose

the beam-steering as the analog beamforming method due to its simplicity in the

computation and implementation. Moreover, the beam-steering method can achieve

high transmission rate for a network with large antenna arrays, such as the mmWave
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Figure 3.1 : Transmitter hardware block diagram and a possible sub-array division
of an AP with a 64-antenna reconfigurable array and 4 end users.

network [10].

A standard way to implement the antenna sub-array is to equally divide the

antenna array into K sub-arrays [7, 8]. However, with the reconfigurable antenna

array, the network can achieve a higher spectral efficiency by allocating the antenna

resources more judiciously using the analog switches. Furthermore, in such an antenna

array structure, the impact of blockage can be mitigated by preventing the resource

allocation to the blocked end users.

The spectral efficiency of the network can be written as

R =

M
∑

m=1

log2(1 + SINRm). (3.1)

When maximizing spectral efficiency is the objective, the optimal antenna sub-

array divisions should maximize the spectral efficiency in (3.1) using the SINR of each

end user. However, because of the high complexity of gathering the exact channel

and quantifying the cross-beam interference, the computational complexity of solving

such an optimization problem is intractable. Note that the beam-steering with large

antenna arrays on mmWave transceivers results in a narrow main lobe and suppresses
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the side-lobe gain. Thus the cross-beam interference is very limited in the mmWave

network. In the low SNR regime, the interference becomes negligible unless the

directions of two end users are very close. Therefore, the spectral efficiency in (3.1)

can be tightly upper bounded by neglecting the interference and replacing the SINR

with the SNR at each end user. Denote such an upper bound as R̂. We first optimize

the spectral efficiency upper bound using the SNR, then we present the effectiveness

of of the algorithm via numerical simulations. To maximize the spectral efficiency in

(3.1) by R̂, we need to solve the following optimization problem

max
{Ntm}Mm=1

R̂
(

{Ntm}Mm=1

)

=

M
∑

m=1

log2

(

1 +
NtmNrmPtγ

dαm,0σ
2
n

)

s.t.

M
∑

m=1

Ntm ≤ Nt

Ntm ≥ 0, m = 1, 2, . . . ,M

Ntm ∈ N, m = 1, 2, . . . ,M,

(3.2)

where Ntm denotes the number of transmit antennas in the sub-array for end user m,

thus must be a non-negative integer. The first constraint in (3.2) is the constraint of

the total antennas equipped with the AP.

Denote the optimal value of spectral efficiency in problem (3.2) as R̂∗. Note

that problem (3.2) is an NP-hard integer programming problem, which renders the

computation of R̂∗ intractable. However, R̂∗ can be upper bounded by ignoring the

integer constraints on {Ntm}Mm=1. Let {N∗
tm}Mm=1 denote the optimal solution of prob-

lem (3.2) without the integer constraints. We then have R̂∗ ≤ R̂
(

{N∗
tm}Mm=1

)

. Note

that, without the integer constraints, problem (3.2) becomes a convex optimization

problem, which can be solved by the established MATLAB tool box [24]. To offer

a lower bound for R̂∗, we can simply round down N∗
tm to the nearest integer. We

can then obtain R̂({⌊N∗
tm⌋}Mm=1) ≤ R̂∗ ≤ R̂({N∗

tm}Mm=1). In Lemma 1, we offer more
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insight into {N∗
tm}Mm=1. We then quantify the gap between R̂

(

{⌊N∗
tm⌋}Mm=1

)

and R̂∗

in Lemma 2. Define Sm = Ptγ
dαm,0σ

2
n
, which indicates the channel of end user m. The

blockage status of the channel in included in Sm by the difference of the pathloss

exponent α of LOS channels or NLOS channels.

Lemma 1: The optimal solution of problem (3.2) without the integer constraints,

N∗
tm, is lower bounded by

N∗
tm ≥ Nt

M
− 1

NrmSm
, m = 1, 2, . . . ,M. (3.3)

Proof. See Appendix A.1. �

From the solution of N∗
tm in Appendix A, the solution that N∗

tm = 0 only if Sm is

sufficiently small. Following the definition of Sm, it implies that an end user will not

be served by the AP when the channel is poor, such as the end user being blocked.

Therefore, the proposed antenna sub-array divisions are efficient in allocating the

antenna resource. Next, we estimate the gap between R̂
(

{⌊N∗
tm⌋}Mm=1

)

and R̂∗.

Lemma 2: For a mmWave AP, the gap between the optimal spectral efficiency R̂∗

and R̂
(

{⌊N∗
tm⌋}Mm=1

)

is upper bounded by

R̂∗ − R̂
(

{⌊N∗
tm⌋}Mm=1

)

≤ 1

ln 2

M2

Nt −M
. (3.4)

Proof. See Appendix A.2. �

We remark that, in mmWave APs, the number of transmit antenna elements Nt is

at the level of hundreds, while the number of end users K is typically in the tens. In

such a network, Lemma 2 then indicates that the gap between R̂
(

{⌊N∗
tm⌋}Mm=1

)

and R̂∗

is very limited. Therefore, without sacrificing much spectral efficiency, the antenna

sub-array divisions for a mmWave AP can be obtained by solving problem (3.2)
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without considering the integer constraints and then rounding the optimal solutions

{N∗
tm}Mm=1 to integers.

The optimization problem (3.2) maximizes the spectral efficiency considering the

shortest path without cross-beam interference, which results in an approximated up-

per bound of the spectral efficiency for the downlink mmWave network. Next, we

characterize the performance degradation of the network in the presence of the inter-

ference.

3.2 Interference Analysis

Based on the proposed sub-array divisions, we can model the cross-beam interference

under the beam-steering strategy. We then characterize the spectral efficiency in the

presence of interference.

Assume the AP uses the beam-steering in (2.2) as its analog beamforming strategy.

To illustrate the beam-steering pattern of the lth path of end user m, we define

δ
(l)
x (k,m) and δ

(l)
y (k,m) as

δ(l)x (k,m) = Ψx(φm,l, θm,l)−Ψx(φk,l, θk,l)

=
2π

λ
ax (cosφm,l sin θm,l − cosφk,l sin θk,l) ,

δ(l)y (k,m) = Ψy(φm,l, θm,l)−Ψy(φk,l, θk,l)

=
2π

λ
ay (sin φm,l sin θm,l − sinφk,l sin θk,l) .

(3.5)

With the beam-steering, from (2.1), RF chain k and its corresponding antenna sub-

array generates an amplitude at end user m as follows:

A
(k)
t (φm,l, θm,l) =

1√
Ntk

1− ejNxkδ
(l)
x (k,m)

1− ejδ
(l)
x (k,m)

1− ejNykδ
(l)
y (k,m)

1− ejδ
(l)
y (k,m)

, (3.6)

in which Ntk = NxkNyk; Nxk and Nyk represent the numbers of antenna elements

in the antenna sub-array for end user k in the x direction and the y direction re-
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spectively. Note that for the end users that are not blocked, the LOS path has

higher impact than the other paths and the receive antenna array steers the receive

direction aligned to the shortest path, it follows that
√

γ/dαN

m,lA
(k)
t (φm,l, θm,l)A

(m)
r ≪

√

γ/dαL
m,0A

(k)
t (φm,0, θm,0)A

(m)
r , l 6= 0. For the blocked end users, such an inequality

also hold unless the path l 6= 0 is aligned to the main lobe of antenna sub-array k.

Since the probability of such an alignment is limited due to the narrow beam, and

the throughput of the blocked end users are negligible compared to the non-blocked

end users. Therefore, the shortest path is able to approximate the cross beam inter-

ference presented in the analysis of the spectral efficiency. For simplicity, we consider

the shortest transmission path only. We assume the receive antenna array has the

optimal gain of Nrm. Here we consider the rectangular antenna array as an example,

from (2.3), then the corresponding transceiver gain can be approximated as

Gkm =

∣

∣

∣

∣

∣

L−1
∑

l=0

√

γ

dαm,l

A
(k)
t (φm,l, θm,l)A

(m)
r

∣

∣

∣

∣

∣

2

≈ Nrmγ

Ntkdαm,0

1− cosNxkδ
(0)
x (k,m)

1− cos δ
(0)
x (k,m)

1− cosNykδ
(0)
y (k,m)

1− cos δ
(0)
y (k,m)

.

(3.7)

Given the positions and blockage status for the end users. By solving the opti-

mization problem (3.2), we can obtain the optimal number of antenna elements for

each end user. By using the optimal solution of problem (3.2) and the end user po-

sition with (3.7), the analytical SINR can be calculated from (2.4). Then, although

we do not consider the cross-beam interference in the optimization problem (3.2),

we can validate the effectiveness of the algorithm via the numerical analysis and

simulations. Then the analytical spectral efficiency for the network with the recon-

figurable antenna array can be calculated from (3.1). Note that given the values of

Gkm, the cross-beam interference strength is proportional to the transmission power

Pt. Therefore, the performance from the cross-beam interference is more significant in
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the high SNR regimes. In Chapter 3.3, we present an interference mitigation strategy

to further improve the spectral efficiency for the network operating in the high SNR

regimes.

3.3 Interference Mitigation

In the mmWave downlink network operating in the high SNR regimes, the cross-

beam interference level can be comparable to the power of noise. In such cases, the

interference leads to a non-trivial decrease in the spectral efficiency. Then we propose

the transmit analog beamforming methods that can suppress the interference in the

high SNR regimes instead of using the beam-steering.

Consider the transmit antenna sub-array that serves end user m, where Ntm is

obtained from Chapter 3.1. The channel vector between sub-array k and end user m

can be adopted from (2.1) and (2.3) as

hmk =
1√
Ntm

L−1
∑

l=0

√

γ

dαk,l
[1, . . . ,

ej(nx−1)Ψx(φk,l,θk,l)+j(ny−1)Ψy(φk,l,θk,l), . . . ,

ej(Nxm−1)Ψx(φk,l,θk,l)+j(Nym−1)Ψy(φk,l,θk,l)].

(3.8)

The channel matrix from antenna sub-array m to all end users can be expressed

as Hm = [hm1; hm2; . . . ; hmM ] .

Given the antenna sub-array divisions and the channel matrices, it follows from

(2.4) that the SINR for each end user in terms of the channel vectors can be written

as

SINRm =
Nrm|hmmfm|2

σ2
n +

∑M
k=1,k 6=mNrm|hkmfk|2

, (3.9)

where fm is the transmit beamforming vector for end user m.
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Note that the mmWave analog beamforming is achieved by the phase shifters,

which only have the control over the phase of the signal. By using the sub-array

divisions {Ntm}Mm=1 obtained from problem (3.2), the absolute value of each element

in fm equals to
√

Pt/Ntm. With the consideration of the cross-beam interference, to

maximize the spectral efficiency with the optimal antenna array divisions {Ntm}Mm=1,

the problem can be written as

max
f1,...,fM

M
∑

m=1

log2

(

1 +
Nrm|hmmfm|2

σ2
n +

∑M
k=1,k 6=mNrm|hkmfk|2

)

s.t. |f (i)m | =
√

Pt/Ntm, i = 1, 2, . . . , Ntm,

(3.10)

where f (i)m is the ith element in the beamforming vector fm.

The computational complexity of optimization problem (3.10), even without the

analog beamforming constraints, is prohibitively high [25]. Many suboptimal beam-

forming strategies are proposed in [25, 26, 27]. In particular, we consider the MMSE

beamforming. The MMSE beamforming is designed for increasing the signal strength

and suppressing the cross-beam interference. Furthermore, the MMSE beamforming

is the best linear beamforming strategy in terms of SINR [26]. Given the channel

matrix for end user m, Hm, then the MMSE beamforming vector for end user m can

be written as wm = (H∗
mHm + σ2

n

Pt
I)−1h∗

mm. We further normalize wm to satisfy the

power constraint on each antenna element. The modified MMSE beamforming vector

implemented in antenna sub-array m then equals to fm = [f (1)m ; . . . ; f (Ntm)
m ], where

f (i)m =
√

Pt

Ntm

w
(i)
m

|w
(i)
m |

.

If the AP transmits the signals with the beam-steering, the elements in fm follow

(2.2). In general, the difference between the beam-steering vector of end user m, fm,

and the channel vector of end user m, h∗
mm, only comes from the NLOS channels,

which are not significant in mmWave networks. It follows that the beam-steering



19

is similar to the conjugate beamforming in conventional multi-user MIMO systems.

Following the analysis in [26], The MMSE beamforming is a linear combination of

the conjugate beamforming and the zero-forcing beamforming. In mmWave networks

with limited antenna elements, the SNR is low due to the high pathloss. In such a

scenario, as shown in [28], the conjugate beamforming is the dominant part in the

MMSE beamforming. Otherwise, if the AP is equipped with large antenna arrays,

the forward SNR decreases toward zero. It follows from [28] that the MMSE beam-

forming is close to the conjugate beamforming. Therefore, the conjugate part which

maximizes the signal strength is the dominant part in mmWave APs with MMSE

beamforming. Further, in mmWave channels, the LOS channel dominates the chan-

nel. It follows that there is little difference between the absolute values of the elements

in the channel vectors, as well as the MMSE beamforming vectors. Therefore, nor-

malizing the elements in the MMSE beamforming vector to the analog beamforming

constraint has little sacrifice in the network spectral efficiency.
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Chapter 4

Coverage with Reconfigurable Antenna Arrays

In this chapter, we analyze the coverage performance of downlink transmissions in

a dense mmWave multi-user network, where M > K. Such a network is of interest

because the end users require a certain target data rate in many practical scenarios,

such as video streaming. Offering data rates higher than the sufficient rates does not

lead to an efficient resource allocation protocol. Further, with the rapid growth of

multimedia services and with APs equipped with limited RF chains, it is likely that

there are more end users than RF chains. Furthermore, if the spectral efficiency is

the standard in a dense network with more end users than RF chains, as discussed in

Chapter 3, the solution will be serving the end users with the best channels only. Such

a transmission strategy would lead to significant fairness issues. In such a network,

the AP needs to optimize the coverage probability to serve more end users rather

than the total spectral efficiency.

In a mmWave network where the AP is equipped with K RF chains, the AP is

able to modulate and transmit the signals to at most K end users simultaneously.

Therefore, in order to serve more than K end users, the AP needs to enable time

resource division multiplexing, where the transmission time-slot needs to be divided

into multiple sub-slots. To quantify the coverage performance in the network, we

assume the end users require a fixed data rate, denoted as RT . An end user is

considered to be “covered” as long as the average rate of the end user is higher than
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RT . The coverage probability of the network is denoted by

PrC(RT ) =
1

M

M
∑

m=1

Pr(µmRm ≥ RT ), (4.1)

where C represents an end user being covered, Rm denotes the rate of end user m dur-

ing the transmission and µm denotes the portion of the time sub-slot serving end user

m in the transmission time slot. As the results from the sparse network indicate, the

performance gain when enabling the interference mitigation in a mmWave network is

limited. While gathering the exact channel information in a dense network leads to

a high overhead, enabling the interference mitigation methods in a dense network is

not efficient. Therefore, we use the practical beam-steering as the analog beamform-

ing strategy in the dense network and tolerate interference without mitigation. We

first present an existing multi-user transmission method. Then we propose coverage

specific time and antenna allocation methods with the reconfigurable antenna arrays

shown in Figure 3.1.

One of the standard solutions for such a multi-user downlink transmission scenario

with M > K is the APs with equally divided antenna arrays and the standard time-

division multiple access (TDMA) [29], as shown in Figure 4.1. Such APs equally

divide the antenna array as well as the transmission time slot of each RF chain to

transmit signals to all the end users in the area.

Although the standard TDMA and the equal antenna array division is a straight

forward solution to transmit the signals to the end-users, the coverage performance

can be improved using coverage specific transmission strategies to allocate the time

and antenna resources. We use the the standard TDMA and the equal antenna array

division as the baseline performance of the network. Then in Chapter 4.1 and Chapter

4.2, we propose the transmission strategies to optimize the coverage probability in a

dense mmWave network. Before introducing the proposed transmission strategies, we
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End 

Figure 4.1 : Resource allocation in the downlink mmWave transmission in an 8-user
network with standard TDMA and equally divided antenna array, where the AP is
equipped with 4 RF chains and a 64-antenna array. (a) shows the time-division of
the transmissions; (b) shows the antenna division; (c) represents a possible average
rate of end user 1 to end user 4.

first present the assumptions of the network and quantify the cross-beam interference.

To make the transmission strategies practical, we make the following assumptions.

Assumption 1 (Consecutive transmissions): If the AP enables the flexible time-

division, the transmission time slot can be divided arbitrarily into multiple time

sub-slots, while each end user could be served by different RF chains and antenna sub-
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arrays in non-consecutive time sub-slots. Such a transmission method would increase

the transmission overhead as well as the computational complexity. Therefore, in

our proposed transmission strategies, we assume each end user is served by a fixed

combination of RF chain and antenna sub-array in a consecutive time sub-slot.

Assumption 2 (Narrow beam): If the AP is equipped with the reconfigurable

antenna array, to enable the narrow beam character in the mmWave network, we

assume each data stream is transmitted using at least Nt0 antenna elements, or the

data stream will be disabled in the transmission.

Assumption 3 (Fixed antenna allocation): Although the number of antennas con-

nected to each RF chain may different with the reconfigurable antenna array, we

assume the antenna divisions do not change with the transmission time sub-slots. If

a transmit RF chain and the corresponding antenna sub-array serves end user m and

end user m′ in a time-division manner, then Ntm′ = Ntm.

Then the problem is to allocate the resources to each end user to improve the

coverage probability. However, such a problem is still impractical to be solved

in the presence of the cross-beam interference, because of the high complexity of

precisely quantifying the interference. Therefore, we need to propose a practical

way to find a near-optimal solution of the problem. We start by quantifying the

cross-beam interference for each end user. Following (3.5), to further illustrate

the character of the l1
th and l2

th path of end user m from the signal intended

for end user m′, we denote δ
(l1,l2)
x (m′, m) = min{|δ(l1)x (m′, m)|, |δ(l2)x (m′, m)|} and

δ
(l1,l2)
y (m′, m) = min{|δ(l1)y (m′, m)|, |δ(l2)y (m′, m)|}. In Theorem 1, we offer more in-

sight into the channels in the presence of the cross-beam interference. In which we

first quantify the upper bound of the gain of the signal intended for end user m′ at

end user m. Then we quantify the upper bound of the cross-beam interference and
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the worst case channel.

Theorem 1: For a mmWave AP with the beam-steering, following Assumption 2,

the receiving gain at end user m from the signal intended for end user m′ is upper-

bounded by

Ĝm′m =

L−1
∑

l1=0

L−1
∑

l2=0

Nrmγ

Nt0d
α/2
m,l1

d
α/2
m,l2

4

(1− cos δ
(l1,l2)
x (m′, m))(1− cos δ

(l1,l2)
y (m′, m))

.

(4.2)

Because the AP is equipped with K RF chains, there are at most K − 1 signals

interfere with the signal intended for end user m when the AP is serving end user

m. Define Im includes the end users that cause interference at end user m. Then the

worst case channel of end user m can be written as

Šm =
Ptγ

dαm,0σ
2
n + Pt

∑

m′∈Im
Ĝm′m

. (4.3)

Proof. See Appendix A.3. �

With the channel shown in Theorem 1, we then present the resource allocation

methods to improve the coverage probability. In Chapter 4.1, we present the strategy

to improve the coverage probability using the flexibility in the time-divisions. In

Chapter 4.2, we further improve the strategy using the flexibility of the reconfigurable

antenna arrays.

4.1 Equally Divided Array with Flexible Time-divisions

Considering the flexibility in the time-division, we present a time-division strategy to

optimize the coverage probability of the APs with the equally divided antenna array.

In Theorem 1, we derive the worst case channel for each end user. For an equally

divided antenna array, the transmit antenna serving each end user equals to Nt/K.
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It follows that SINRm ≥ ŠmNtNrm/K. The rate for end user m when the signal is

transmitted, denoted as Rm is lower bounded by

Řm = log2

(

1 +
ŠmNtNrm

K

)

. (4.4)

As the AP allocates µm portion of the transmission slot to end user m, then for any

µm ≥ RT/Řm, the AP is able to guarantee the average transmission rate for end user

m reaches the target average rate. Define M as the set of end users whose average

rate is above the target average rate, Mk as the set of end users served by RF chain

k. To maximize the number of end users with the average rate higher than RT , the

problem can be formulated as

max
M

|M|

s.t. M =

K
⋃

k=1

Mk

∑

m∈Mk

µm ≤ 1, k = 1, . . .K

µm ≥ RT/Řm, m ∈ M,

(4.5)

where |M| represents the number of elements in set M. The second constraint comes

from Assumption 1 of consecutive transmissions and the length of the time slot. Such

a problem is similar to a 0-1 multiple knapsack problem, which is in general NP-

hard. However, as the number of end users is manageable, the problem can be solved

in a limited time using the algorithms presented in [30]. We present the optimal

solutions of (4.5) to quantify the optimal performance of the transmission strategy,

while the sub-optimal solutions with less complexity may also be applied to further

improve the practicality. Then by transmitting the signals to the end users in M with

the corresponding RF chains and time sub-slots, the AP could improve the coverage

probability.
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Figure 4.2 : Resource allocation in the downlink mmWave transmission in an 8-user
network with flexible time-divisions and reconfigurable antenna array, where the AP
is equipped with 4 RF chains and a 64-antenna array. (a) shows a possible time-
division of the transmissions; (b) shows a possible antenna division; (c) represents a
possible average rate of end user 1 to end user 4.

4.2 Reconfigurable Array with Flexible Time-divisions

In Chapter 4.1, we present a method to optimize the coverage performance in mmWave

networks using the flexibility of the time-divisions. We then present a method to

further improve the performance taking the advantage of the antenna array reconfig-

urations, as shown in Figure 4.2.
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We start from introducing the basic resource allocation principles. In Lemma 3,

we offer more insight into the performance of enabling the time-divisions and the

spatial reuse. The comparison leads to the transmission principle whether the AP

should enable spatial reuse or time-division in the multi-user transmission. We then

present the choice of end users to enable time-division in the transmission strategy.

Based on the spatial-division and time-division strategies, we quantify the antenna

and time allocation in the transmission strategy.

Lemma 3: For any two-user time-division transmission with Ntm transmit anten-

nas for end user m1 and m2, where the end users are allocated µm1 and µm2 of the

transmission time respectively (0 ≤ µm1 , µm2 ≤ 1; µm1 + µm2 ≤ 1). There exist a

spatial reuse strategy using less antennas, where Ntm1 +Ntm2 ≤ Ntm whose rate lower

bound is higher than the rate lower bound of the time-division transmission.

µm1 log2(1 +NtmNrm1Šm1) + µm2 log2(1 +NtmNrm2Šm2)

≤ log2(1 +Ntm1Nrm1Šm1) + log2(1 +Ntm2Nrm2Šm2).

(4.6)

Proof. See Appendix A.4. �

From Lemma 3, we show that the spatial reuse strategy has higher transmission

rate than the time-division transmissions considering the worst case channel for each

end users. Note that in we quantify the channels as {Šm}Mm=1 in the transmission

strategy to guarantee rate is higher than RT . Therefore, in a mmWave network, the

spatial reuse transmission is more efficient than the time division transmission. It

follows that the AP should simultaneously transmit as many streams as possible to

achieve the highest rate. The highest rate indicates that using such a strategy, the AP

can use the least resource to cover an end user. Therefore, such a strategy can achieve

the highest coverage performance as well. Lemma 3 also shows that, in a mmWave
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network, the time-division of µm requires more than 1/µm antennas to compensate

for the decrease in average rate. Therefore, to achieve the highest possible coverage

probability, the time slots should be divided into the fewest possible sub-slots.

Following the resource allocation principle, we first allocate the antenna resource

for the end users with the best channels to enable spatial reuse transmissions. When

the time-division is not enabled, the SINR threshold to reach the target rate equals

to 2RT − 1. Following Theorem 1, the number of transmit antennas for end user m

that can guarantee a rate higher than RT can be written as

Ntm = ⌈ 2RT − 1

ŠmNrmPtγ
⌉. (4.7)

If the AP uses up all the antenna resource in the spatial reuse step, the AP will stop

serving more end users.

If the AP uses up all the RF chains while there are still enough antennas to serve

another end user, the AP enables time-division transmission. Note that for a time-

division transmission µm for end user m and target average rate RT , to reach the

target average rate, the rate during the transmission Rm ≥ RT/µm. Because the end

users with bad channels require more antennas than the end users with good channels.

Therefore, to achieve the highest coverage probability, the AP should enable time-

division for the end users with the best channels. Denote the two end users with the

best channels as m1 and m2. If there are enough antennas to enable time-division for

end user m1 and m2, and spatial transmission for the inactive end user with the best

channel denoted as m3. We allocate the antennas for end users m1 and m2 as N∗
tm1

and N∗
tm2

respectively. The portion of the transmission time sub-slot for end users
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m1 and m2 is µ∗
m1

and µ∗
m2

respectively. Then N∗
tm1

, N∗
tm2

, µ∗
m1

and µ∗
m2

follows

{N∗
tm1

, N∗
tm2

,µ∗
m1
, µ∗

m2
} = arg min

Ntm1 ,Ntm2 ,µm1 ,µm2

Ntm1

s.t. µm1 log2(1 +Ntm1Nrm1Šm1) ≥ RT

µm2 log2(1 +Ntm2Nrm2Šm2) ≥ RT

µm1 + µm2 ≤ 1

Ntm1 = Ntm2

Ntm1 , Ntm2 ∈ N

Ntm1 , Ntm2 ≥ Nt0,

(4.8)

where the first two constraints follow the target average rate; the third constraint

comes from the total transmission time and Assumption 1; the fourth constraint

follows Assumption 3. Note that (4.8) does not have a closed form solution, but it can

be easily solved by solving (4.8) without the integer constraint onNtm1 andNtm2 using

the Newton’s method [31]. And round up the solutions ofNtm1 andNtm2 to the nearest

integer. Then by combining the numerical solutions in the transmission strategy. We

transmit the stream to end user m3 using the spare RF chain after combining end

users m1 and m2, with the number of antennas following (4.7). Similarly, we can

enable time-division transmission to more than two data streams if the number of

active end users is more than 2K.

Note that the proposed transmission strategy considers the worst case channels

{Šm}Mm=1 with the highest cross-beam interference to guarantee the average rate of

each end user reaches the target average rate. Because the rate calculated from the

SNR using the beam-steering and ignoring the cross-beam interference is a strict

upper bound of each end user. The coverage probability of the network is strictly

upper bounded by the performance of same strategy applied in a network without
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cross-beam interference and calculated using {Sm}Mm=1.
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Chapter 5

Numerical Results

In this Chapter, numerical results are presented to demonstrate the performance of

the networks with their corresponding transmission strategies. The carrier frequency

is set as fc = 73GHz, and the choices of the simulation parameters are presented in

Table 5.1. Then the power of noise σ2
n = −174dBm + 10 log10B + F = −71dBm,

where B is the bandwidth in Hz and F is the noise figure in dB. In the simulations,

we assume each end user has the same number of receive antennas, where Nrm =

4 (2 × 2), m = 1, . . .M . Define the transmit SNR as SNRt = PtγL/σ
2
n. We assume

the radius of the circular end user distribution area is D = 200m, and the height of

the AP above the center of the end user plane is Dh = 15m. The simulation results

are averaged from 5000 independent simulation realizations.

Table 5.1 : Simulation Parameters

Parameter Value(s) Parameter Value(s)

fc 73 Ghz [20] B 2 GHz [20]

F 10 dB [32] L 3 [11]

αL 2.0 [20] αN 3.3 [20]

γL -69.8 dB [20] γN -82.7 dB [20]
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5.1 Sparse Networks

In Figure 5.1, we show the spectral efficiency as a function of the transmit SNR for a

mmWave network with a blockage factor β = 1/200m−1 with 8 end users. Following

(2.7), the corresponding overall blockage probability in the network is 47.5%. We

present the result with SNRt ranges from 0dB to 20dB, the corresponding transmission

power Pt ranges from -1.2dBm to 18.8dBm [33]. We assume the AP is equipped with 8

RF chains and an antenna array of Nt = 1024 (32× 32) antenna elements. As shown

in Figure 5.1, in an 8-user network, the AP with the proposed antenna sub-array

divisions can achieve more than 2.6 bit/s/Hz (30%) higher spectral efficiency than

the AP with the equal sub-array divisions. As discussed in Chapter 3, the analytical

spectral efficiency is always upper bounded by the spectral efficiency obtained from

(3.2). Furthermore, the gap increases as transmit SNR increases since the interference

level is proportional to the transmission power. For the mmWave AP with the beam-

steering, the gap between the analytical and the simulation spectral efficiency results

from the NLOS channels. However, such a gap is limited since the NLOS channels are

much weaker than the channel for the shortest path due to the large pathloss in the

mmWave network. With the modified MMSE beamforming, the AP could achieve

an 8% higher spectral efficiency than that with the beam-steering in the high SNR

regimes in an 8-user network. Moreover, the proposed antenna sub-array divisions

can achieve a near upper bound spectral efficiency.

In Figure 5.2, we show the spectral efficiency as a function of the transmit SNR

for a mmWave network without blockage. The spectral efficiency in such a scenario

is higher than the spectral efficiency in a network with blockage. While the trend

of enabling the proposed antenna reconfiguration and beamforming is similar to the

network with blockage, the spectral efficiency improvement of the proposed strategies
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Figure 5.1 : Spectral efficiency in a mmWave network with 1024 antenna elements
and 8 RF chains on the AP and 8 end users. The blockage factor β = 1/200m−1.

becomes lower. Such a performance behavior is because the performance gain from

both allocating the antennas more judiciously and bypassing the blockage. It follows

that the performance gain becomes lower with the decrease in the blockage proba-

bility. By comparing the performance in networks with or without blockage, we can

distinguish the performance gain from the perspectives respectively.

In Figure 5.3, we show the spectral efficiency as a function of the number of end

users M . In a sparse network, because we assume K =M , then the AP is equipped

with an array of 128M antennas. As the results indicate, the proposed antenna

array divisions result in a significantly better performance than the equal sub-array

divisions in both the high SNR regime and the low SNR regime. Obviously, the

spectral efficiency increases with the number of end users. As the more end users leads

higher cross-beam interference, the performance improvement from using the modified
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Figure 5.2 : Spectral efficiency in an 8-user mmWave network without blockage. The
AP is equipped with 1024 antenna elements and 8 RF chains.

MMSE beamforming is higher when M is large. We remark that the modified MMSE

beamforming can obtain the spectral efficiency gain from suppressing the interference

in the high SNR regime. Thus, the performance gain of the modified MMSE increases

faster than that of the beam-steering strategy in the high SNR regime. In the low

SNR regime, however, due to the low interference, the performance gain from enabling

the modified MMSE beamforming if not significant.

In Figure 5.4, we show the spectral efficiency as a function of the blockage proba-

bility of the network. We assume the AP is equipped 8 RF chain and 1024 transmit

antennas and the AP serves 8 end users in the network. The overall blockage prob-

ability is calculated via (2.7). As the results indicate, the spectral efficiency of the

network decrease with increasing blockage probability. The proposed antenna array

divisions can achieve significantly higher spectral efficiency than the equal divisions
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Figure 5.3 : Spectral efficiency versus the number of end users. The number of RF
chains equipped with the AP equals to M . The number of transmit antennas equals
to 128M .

if the blockage probability is less than 90%. The modified MMSE interference miti-

gation can further improve the spectral efficiency by around 8%.

In Figure 5.5, we show the spectral efficiency as a function of the number of trans-

mit antennas equipped with the AP. To compare the influence of the cross-beam inter-

ference under the same signal strength, the transmit SNR is normalized to Nt = 1024

by SNRt = 20dB×1024
Nt

. As the results indicate, since smaller Nt leads to higher

cross-beam interference, the gap between the beam-steering and the modified MMSE

beamforming is more significant when Nt is small. The spectral efficiency improve-

ment with Nt is not significant with the modified MMSE beamforming. Therefore,

if beam-steering is the beamforming method, then the spectral efficiency gain from

using more antenna is higher than increasing SNRt. The modified MMSE is of more
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Figure 5.4 : Spectral efficiency versus the blockage probability. The number of RF
chains equipped with the AP equals to 8. The number of transmit antennas equals
to 1024. The transmit SNR equals to 20dB.

interest when Nt is limited.

5.2 Dense Networks

In Figure 5.6 and Figure 5.7, we show the coverage probability as a function of the

target average rate in a mmWave network and 32 end users. We assume the AP

is equipped with K = 8 RF chains and an antenna array of Ntm = 1024 (32 × 32)

antenna elements. The blockage factor β = 1/200m−1 and β = 0 in Figure 5.6 and

Figure 5.7 respectively. The transmit SNR is set as 20dB. We assume the minimum

number of antennas in Assumption 2 Nt0 = 32. The results show that, if the AP

transmits the signals using the equally divided antenna array, the proposed time-

division method can increase the target rate by up to 1.5 bit/s/Hz, or a coverage
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Figure 5.5 : Spectral efficiency versus the number of transmit antennas in an 8-user
network. The number of RF chains equipped with the AP equals to 8.

probability improvement by 25% for a target rate around 1 bit/s/Hz. The results

also indicate that the proposed time-division strategy with the antenna array recon-

figuration leads to a further improved and near upper bound coverage performance.

Note that we also plot the antenna reconfiguration without the time-division. As

discussed in Chapter 4.2, the AP needs to enable spatial reuse as much as possible in

the AP with the proposed time-division and antenna allocation strategy. Therefore,

in the corner cases when the target rate is high enough that the AP cannot enable

time-division transmission before it enables spatial reuse, the coverage performance

the network using the strategy with the proposed time-divisions should be identical

to the transmission without the time-division. The convergence of the two curves

when the target average rate is high in the result further illustrate the point. The

results from the sparse network indicate the modified MMSE can only improve the
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Figure 5.6 : Coverage probability in a 32-user mmWave network, where the blockage
factor β = 1/200m−1. The AP is equipped with 8 RF chains and 1024 antennas. The
transmit SNR equals to 20dB.

performance by 8% than the beam-steering but requires the full channel information.

Because gathering the full channel information in a dense network leads to a high

overhead and the beam-steering can already reach a near upper bound coverage per-

formance, it is not necessary to further mitigating the cross-beam interference of the

beam-steering in a dense network.

In Figure 5.8, we show the coverage probability as a function of the number of end

users. We assume the AP is equipped 8 RF chain and 1024 transmit antennas. The

target average rate is 1 bit/s/Hz. The blockage factor β = 1/200m−1 and the overall

blockage probability PrB = 47.5%. As the blocked end users are difficult to be covered,

the highest coverage probability is a little higher than 1−PrB. The results show that

the coverage probability decreases with more end users because the high number of
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Figure 5.7 : Coverage probability in a 32-user mmWave network without blockage.
The AP is equipped with 8 RF chains and 1024 antennas. The transmit SNR equals
to 20dB.

end users require the AP to divide the transmission time slot into more sub-slots.

The coverage improvement of enabling the flexible time-division is higher when there

are more end users. Note that M = 8 is a corner case where the AP does not have to

enable time division. Therefore, in such a scenario, different time-division strategies

does not influence the coverage probability; the coverage probability depends only

on the antenna division strategy. The more end users lead to higher cross-beam

interference. It follows that the gap between the coverage probability of the AP with

the flexible time division and the antenna array reconfiguration and the coverage

upper bound increase with the number of end users.

In Figure 5.9, we show the coverage probability as a function of the blockage

probability of the network. The overall blockage is calculated via (2.7). We assume
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Figure 5.8 : Coverage probability versus the number of end users. The AP is equipped
with 8 RF chains and 1024 antennas. The transmit SNR equals to 20dB. The target
average rate is 1 bit/s/Hz.

the AP is equipped 8 RF chain and 1024 transmit antennas, and the AP serves 32

end users in the network. The target average rate is set to be 1 bit/s/Hz. When the

blockage probability is limited, the end users are more likely to enable a direct link

to the AP and receive a strong signal. Therefore, as the results indicate, the coverage

probability of the network decrease with increasing blockage probability. The pro-

posed time-divisions with the equally divided antenna array can achieve significantly

higher coverage probability than the equal divisions with standard TDMA regard-

less of the blockage probability. By enabling the antenna array reconfigurations, the

network can achieve even higher and near upper bound coverage probability. When

the blockage probability is close to 1, the AP has to reach the end users through the

NLOS channels. Therefore, the coverage probability in such a scenario is limited.
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Figure 5.9 : Coverage probability in a 32-user mmWave network versus the blockage
probability. The AP is equipped with 8 RF chains and 1024 antennas. The transmit
SNR equals to 20dB. The target average rate is 1 bit/s/Hz.

Then the AP with the flexible time-division is likely not to enable time-division and

has similar performance as the AP without time-division.
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Chapter 6

Conclusion

In this work, we considered antenna structure and analog beamforming algorithms

for multi-user mmWave MIMO network with mmWave specific hardware restrictions.

We proposed a reconfigurable antenna array structure as well as the corresponding

transmission strategies to improve the performance of the antenna sub-array APs from

the aspect of spectral efficiency or coverage probability in sparse mmWave networks

and dense mmWave networks, respectively. Then the networks were analyzed and

simulated in the mmWave channel and network model. The analysis and numerical

results showed a significantly increased and near upper bound performance could

be reached with the reconfigurable antenna arrays and the proposed transmission

strategies.
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Appendix A

Proofs

A.1 Proof of Lemma 1

Consider the optimization problem (3.2) without the nonnegative constraint and in-

teger constraint. Under the constraint of the total number of antenna elements,

given the number of antenna elements serving end user 1 to end user M − 1, NtM =

Nt −
∑M−1

m=1 Ntm. Take the derivatives of the number of antennas serving end user 1

to end user M − 1,

∂R̂

∂Ntm

=
1

ln 2

(

NrmSm

1 +NtmNrmSm

− NrmSM

1 +NtMNrMSM

)

,

m = 1, 2, . . . ,M − 1.

(A.1)

Let the derivatives be zero and solve the equation, the number of antenna elements

for end user m can be written as

Ntm =
Nt

M
+

1

M

M
∑

k=1

1

NrkSk
− 1

NrmSm
. (A.2)

However, such a solution may not always satisfy the nonnegative constraint of

Ntm. In this case, we use the Kuhn-Tucker conditions to verify that the solution

N∗
tm =

(

ν − 1

NrmSm

)+

(A.3)

is the solution that maximizes R̂, where (x)+ = max{x, 0} and ν is chosen so that

M
∑

m=1

(

ν − 1

NrmSm

)+

= Nt. (A.4)

Lemma 1 then follows.
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A.2 Proof of Lemma 2

The upper bound of the gap between R̂∗ and R̂
(

{⌊N∗
tm⌋}Mm=1

)

can be written as

R̂∗−R̂
(

{⌊N∗
tm⌋}Mm=1

)

≤ R̂
(

{N∗
tm}Mm=1

)

− R̂
(

{⌊N∗
tm⌋}Mm=1

)

≤
M
∑

m=1

(

log2
1 +N∗

tmNrmSm

1 + ⌊N∗
tm⌋NrmSm

)

(a)

≤ 1

ln 2

M
∑

m=1

(N∗
tm − ⌊N∗

tm⌋)NrmSm

⌊N∗
tm⌋NrmSm + 1

≤ 1

ln 2

M
∑

m=1

NrmSm

(N∗
tm − 1)NrmSm + 1

.

(A.5)

Step (a) follows the Taylor series of log2 x. By combining the lower bound of N∗
tm in

(3.3), Lemma 2 then follows.

A.3 Proof of Theorem 1

For a mmWave AP with the beam-steering, the receiving gain from the signal intended

for m′ to user m is upper-bounded by

Gm′m =

∣

∣

∣

∣

∣

L−1
∑

l=0

√

γ

dαm,l

A
(m′)
t (φm,l, θm,l)A

(m)
r

∣

∣

∣

∣

∣

2

≤
L−1
∑

l1=0

L−1
∑

l2=0

Nrmγ

Ntm′d
α/2
m,l1

d
α/2
m,l2

√

√

√

√

1− cosNxm′δ
(l1)
x (m′, m)

1− cos δ
(l1)
x (m′, m)

1− cosNym′δ
(l1)
y (m′, m)

1− cos δ
(l1)
y (m′, m)

√

√

√

√

1− cosNxm′δ
(l2)
x (m′, m)

1− cos δ
(l2)
x (m′, m)

1− cosNym′δ
(l2)
y (m′, m)

1− cos δ
(l2)
y (m′, m)

.

(A.6)
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Following Assumption 2, Ntm′ is no less than Nt0. Because of the definition of

δ
(l1,l2)
x (m′, m) and δ

(l1,l2)
y (m′, m), then Gm′m is further upper bounded by

Gm′m ≤
L−1
∑

l1=0

L−1
∑

l2=0

Nrmγ

Ntm′d
α/2
m,l1

d
α/2
m,l2

√

√

√

√

1− cosNxm′δ
(l1)
x (m′, m)

1− cos δ
(l1,l2)
x (m′, m)

1− cosNym′δ
(l1)
y (m′, m)

1− cos δ
(l1,l2)
y (m′, m)

√

√

√

√

1− cosNxm′δ
(l2)
x (m′, m)

1− cos δ
(l1,l2)
x (m′, m)

1− cosNym′δ
(l2)
y (m′, m)

1− cos δ
(l1,l2)
y (m′, m)

≤
L−1
∑

l1=0

L−1
∑

l2=0

Nrmγ

Nt0d
α/2
m,l1

d
α/2
m,l2

4

(1− cos δ
(l1,l2)
x (m′, m))(1− cos δ

(l1,l2)
y (m′, m))

.

(A.7)

denote such an upper bound as Ĝm′m

Define Im as the set of end users whose signals are transmitted with the signal

intended for end user m at the same time. By combining the upper bound of the

interference receiving gain with (2.4), the SINR of end user m is lower bounded by

SINRm =
PtGmm

σ2
n + Pt

∑

m′∈Im
Gm′m

≥ NtmNrmPtγ

dαm,0σ
2
n + Pt

∑

m′∈Im
Ĝm′m

.

(A.8)

Denote the worst case channel of end user m as

Šm =
Ptγ

dαm,0σ
2
n + Pt

∑

m′∈Im
Ĝm′m

. (A.9)

Theorem 1 then follows.
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A.4 Proof of Lemma 3

Let Ntm1 = µm1Ntm, Ntm2 = µm2Ntm. Because µm1 + µm2 ≤ 1, then Ntm1 +Ntm2 ≤

Ntm. It follows that

log2(1 +Ntm1Nrm1Šm1) = log2(1 + µm1NtmNrmŠm1)

≥ µm1 log2(1 +NtmNrmŠm1).

(A.10)

The inequality comes from the inequality of arithmetic and geometric means [34].

Similarly, we can proof log2(1+Ntm2Nrm2Šm2) ≥ µm2 log2(1+NtmNrm2Šm2). Lemma

3 then follows.
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