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Hybrid Beamforming for Future mm-Wave Access in Mobile Communication
Beamforming weight algorithms and hardware investigations
ISABEL VRETHED TIDEKRANS
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Hybrid beamforming solutions have been investigated at 28 GHz for a base station
equipped with many antennas, transmitting to one or multiple users with multi-
ple antennas each. Hybrid beamforming utilizes several RF chains, and a larger
amount of antennas than RF chains, to transmit multiple data streams via spatial
multiplexing. Some selected algorithms were implemented from articles for calcu-
lating baseband and analog weights to optimize the spectral efficiency. Investigated
algorithms include Yu (2018) [1], Hu (2019) [2], Yu (2017) [3], Wu (2018) [4] and
Ayach (2014) [5]. The work was carried out through Monte Carlo simulations in
MATLAB with a cluster based mm-wave channel model. Fully connected and par-
tially connected RF architectures were investigated, as well as a more general group
connected solution. In order to weigh performance against hardware complexity
and power consumption, a literature study of mm-wave transceivers was done and a
model developed for estimation of area, number of diodes and consumed DC power.
At a transmit SNR of 0 dB, a spectral efficiency of 22 bps/Hz could be reached
with single-user hybrid beamforming with 64 transmit antennas, 16 receive anten-
nas, 4 parallel data streams and a fully connected transmitter. With a partially
connected transmitter, the result was around 15 bps/Hz. At SNR below −25 dB,
analog beamforming outperformed multi-stream transmission. Above 15 dB, the
spectral efficiency of full MIMO had a slope of 4.3 bps/Hz/dB and fully connected
hybrid systems reached 1.3 bps/Hz/dB. Phase shifters could be limited to 4 control
bits with negligible performance loss. Overall, the Wu (2018) [4] and Hu (2019) [2]
algorithms were found to be the most energy and hardware efficient.

Keywords: Hybrid beamforming, mm-wave, weight algorithms, cluster-based chan-
nel model, MIMO, spatial multiplexing
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1
Introduction

In this section, the project will be introduced, then the aim and limitations will
be stated, followed by concrete goals for the project. At the end of the section,
mathematical notation that will be used in the rest of the thesis is presented.

1.1 Background

For 5G mobile communication systems, high frequency mm-wave bands are being
considered beyond the bands used now for mobile communication, sub-6 bands.
These bands could allow high data rates for each user connected, but due to more
path loss, higher gain is required which has to be achieved through beamforming.
The purpose of this thesis will be to explore how beamforming should be done in a
base station to get the best performance in multiple links with mobile stations, with
reasonably low complexity and cost. With this purpose, hybrid beamforming will be
investigated which combines analog beamforming with massive MIMO, which stands
for multiple input, multiple output. In analog beamforming, beams are directed by
controlling amplitude and phase of the signal to each antenna element in an array.
In massive MIMO, the channel between receiver and transmitter is estimated, and
weights are applied digitally to the signal sent from each transmitting antenna to
enable spatial multiplexing. Then, several data streams can be sent simultaneously
over the same frequencies.
Using only massive MIMO leads to a high computational load and a complex trans-
mitter as each antenna requires a separate RF chain. Instead, one could combine
it with analog beamforming to use a smaller number of RF chains. Phase shifters
may be included before each antenna to give the system the ability of analog beam-
forming. The hybrid system combines digital precoding and the possibility to send
several di�erent signals, with analog beamforming. The result becomes less com-
plex and may have a performance close to massive MIMO. Challenges for hybrid
beamforming investigated in this thesis include which algorithm should be used to
choose the weights and which antennas should connect to which RF chains.

1.2 Previous Work

Hybrid beamforming has become an increasingly hot topic over the last few years,
sparked by an article by Ayach et al. (2014) [5]. They developed a method based
on the orthogonal matching pursuit (OMP) algorithm, which is codebook based
where the precoding matrix is taken as a linear combination of the antenna array's

1



1. Introduction

response vectors. A later article by Alkhateeb et al. (2015) [6] also generalized this
initial work to multi-user systems. A very high-performing algorithm based on direct
optimization by gradient descent on a manifold, MO-AltMin, was presented by Yu
et al [7] for single-user MIMO systems. However, the computational complexity
of the algorithm was very high. The same approach was used to develop similar
algorithms utilizing alternating minimization by rewriting the objective to minimize
bounds instead of the e�ective channel directly [7]. This indirect optimization lead
to lower results, but resulted in a signi�cant speed-up. The same authors have
also suggested novel hardware con�gurations such as �xed phase shifters with a
complementary switch network [1] and pairs of �xed amplitude phase shifters in
parallel, which performs well but may be di�cult to realize [3].
Many articles on the subject assume fully connected systems where all RF chains
connect to all antennas, which o�er more degrees of freedom and allow close to
optimal performance [8][1]. While this type of architecture can be argued to be
unrealistic in a practical system due to hardware cost and complexity, results can
be used as upper bounds for more realistic systems. Other works have explored
architectures with fewer connections, such as Hu et al. (2019) [2] and Wu et al.
(2018) [4] where partially connected structures are explored, meaning that each
antenna connects to only one of the RF chains. Such a system leads to lower
capacity, but a much simpli�ed hardware implementation. In Yu et al. (2018) [1] it
is suggested that an antenna may connect to several RF chains but not necessarily
all. This architecture is a trade-o� between performance and complexity.
There has been some experimental work focused on building hardware to realize
hybrid beamforming, for example in Mondal (2018) [9] where a fully connected
receiver with 8 antennas and 2 RF chains was constructed. There are also examples
of partially connected systems capable of hybrid beamforming [10].

1.3 Aim

The aim of this project was to research hybrid beamforming solutions that can
maintain a high data rate and signal-to-noise-and-interference ratio with low system
complexity, power consumption and cost. As these investigations were done with
simulations, an important aspect was how to set up realistic channel simulations.
Choosing weights for the analog phase shifters and the digital precoding can be done
in many di�erent ways, following di�erent algorithms. This thesis has explored a few
selected algorithms that aim to maximize the spectral e�ciency. In order to ensure
low power consumption and low complexity, the e�ciency of the used algorithms
and used architectures was also investigated. An end-goal was to describe a �nal
system that could be built and tested in a future thesis.

1.4 Limitations

The thesis was limited to researching literature, setting up beamforming scenarios
and evaluating the performance through computer simulations. No physical exper-
iments were done, but future testing was proposed.
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1. Introduction

One limitation was to focus on uniform arrays, as it allowed for a simpler search for
optimal solutions. For a pratical implementation, it may be interesting to consider
placing several subsystems with one RF chain and several antennas as tiles. The tile
placement in that case is in itself a problem to solve, but may o�er more �exibility
in manufacturing.

Instead of using phase shifters for the analog part of hybrid beamforming, it is
also possible to implement large switch networks or lens antennas with controllable
aperture [8]. The former is likely much harder to realize at present, since fast and
reliable switches are di�cult to implement. This is especially true at mm-wave
bands and relying on switch networks for beamforming is not feasible with current
technology [8]. Lens antennas with controllable apertures have not been widely
regarded so far. On this basis, this thesis was limited to phase shifters making up
the analog network.

Channel estimation in hybrid beamforming is a complicated issue and it was decided
to be outside the scope of this thesis. Instead, an error was added to the channel used
to calculate the weights to investigate e�ects of having �awed channel information.

1.5 Speci�cation of Issues Under Investigation

The end goal was to formulate a hybrid beamforming system adhering to hardware
limitations, such that it can be realized in a separate, future thesis. The main areas
of investigation were:

1. Which algorithm is most suitable for calculating precoding and combining
weights?

2. How many antennas are suitable at the base station, and how many should be
used in the user equipment?

3. How much does incomplete channel state information (CSI) a�ect di�erent
weight algorithms?

4. How do the di�erent hardware con�gurations compare in terms of power e�-
ciency and hardware e�ciency?

5. How does phase shifter quantization a�ect the di�erent algorithms?

Important considerations were how practical the chosen solutions are to build, their
energy consumption and the speed of the weight calculation algorithm.

1.6 Notation

In Table 1.1, the mathematical notation used in this thesis is presented.

3



1. Introduction

Table 1.1: Mathematical notation used.

Notation Meaning
A Matrix
a Vector

A (i;j ) Matrix element
A T Transpose
A � Conjugate
A H Hermite conjugate (conjugate transpose)

blkdiag(A1; : : : ; An )
Block diagonal matrix: matricesA1; : : : ; An

on the diagonal and zeroes everywhere else
jA j Determinant of the matrix

kA kF Frobenius norm of matrix
kA k1 In�nite Schatten norm of matrix
kA k1 One Schatten norm of matrix
kak2 l2 norm of vector
< (a) Real part of a 2 C
=(a) Imaginary part of a 2 C
\ (a) Angle of a 2 C
tr( A ) Trace of A

vec(A ) Vectorization of matrix

1 f A > Bg
Indicator function, returns matrix with

element(i;j ) equal to 1 i� A (i;j ) > B(i;j ),
and 0 otherwise

I n Identity matrix of size n � n

4



2
Systems for Beamforming and

Simulation Theory

In this section, the need for hybrid beamforming will be discussed by exploring
limitations of analog beamforming and MIMO. Then, notation will be established
which will be used to describe the system throughout the report. The assump-
tions on hardware speci�cs are presented, for the purpose of comparing the di�erent
architectures. Finally, issues regarding the channel estimation will be explained.

2.1 Characteristics of mm-Wave Channels

A mm-wave band can be described as a frequency band for transmission at frequen-
cies between30 GHzand 300 GHz[8]. In this thesis, the focus will be on a band at
28 GHz. This is still usually regarded as a mm-wave band to distinguish it from the
more conventional frequency bands exclusively used up until 4G technology, called
sub-6 bands as the freqencies are lower than6 GHz. A channel is the wireless sig-
nal path from a transmitter antenna to a receiver antenna. In the case of MIMO
systems, there are as many channels as the number of input ports multiplied by the
number of output ports.
One important di�erence between the conventional channels and the emerging mm-
wave channels is the higher loss in the latter. There are two important mechanisms
behind this. First, the received powerPr in a wireless link can in the simplest case
be described by Friis' equation. Given some transmitted powerPt , carrier frequency
f c, speed of lightc, distance r and transmitter and receiver gainGt and Gr , the
relationship is given by Equation 2.1 [11]

Pr = PtGtGr
c2

(4�rf c)2
: (2.1)

Since the received power is proportional tof � 2
c , links operating at higher frequency

experience higher loss. Secondly, the shorter wavelength leads to more scattering
with the environment. For example, attenuation due to rain increases sharply above
10 GHz [12]. Together, these e�ects cause a much higher path loss in mm-wave
channels than in sub-6 channels.
Another important consideration is how large the antenna arrays can reasonably
be built for the di�erent frequency bands. An antenna array is a set of antennas
arranged close together. The signal at a far-�eld point is then the sum of the
signals from each antenna element, but due to the separation of the elements at the
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2. Systems for Beamforming and Simulation Theory

array, the summed signals have slightly di�erent phases. This causes constructive
and destructive interference. This e�ect is stronger for arrays with more antenna
elements, causing the lobe widths to decrease as the number of antenna elements
increases, and the gain in the lobe direction to increase as more of the signal is
concentrated to this direction. In order to control where the signal is directed, the
signal to each antenna should be possible to modify, giving the main bene�t of an
antenna array: a controllable main lobe without mechanical changes. A common
separation of elements is�= 2 where� is the wavelength, meaning a short wavelength
allows for denser packing of antennas. Since antenna array realizations are in general
limited in size, a higher frequency allows for more antenna elements, which gives a
higher gain in the main lobe direction. By this, mm-wave channels may compensate
for their path loss by using more antennas.
As mentioned, the wave is more prone to scattering instead of re�ecting due to the
high frequency. This can be understood by noting that for objects of roughly the
same size as the wavelength or larger, radiation interacts via scattering instead of
re�ections [13]. At 28 GHz, the wavelength in air is approximately1 cm, while at
for example6 GHz, the wavelength in air is5 cm. This means that sub-6 signals are
much less disturbed by small objects in the channel, while mm-wave signals have
stronger interactions with for example leaves. The result of the increased scattering
is that while the signal can take several paths from the transmitter, it is unlikely
that many reach the receiver and are sampled in the same time slot. This is referred
to as having a sparse channel [14]. Rich channels with many contributions at once
are more common at lower frequencies or in indoor environments. Having a sparse
channel is relevant to how the channel is estimated in a transmission scheme, which
will be touched upon in Section 2.7.

2.2 Analog and fully digital beamforming

While using a large number of antennas in the array can be bene�cial for the com-
munication link, it can be di�cult to construct depending on the implementation.
In fully digital MIMO antenna arrays, a unique signal is passed to each antenna by
connecting one RF chain per antenna. An example of a typical transmitter RF chain
is presented in Figure 2.1. The �rst step, 1, is a digital-to-analog converter (DAC)
which converts some digitally pre-processed signal to a low-frequency, baseband sig-
nal, f IF . Step 2 depicts a pre-ampli�er which ampli�es the signal, adding as little
noise as possible. In step 3, the signal is passed into an upconverting mixer. It also
takes input from a local oscillator (LO) which provides a signal with frequencyf LO .
The output from the mixer is ideally a signal with frequency componentsf LO + f IF

and f LO � f IF . Therefore, in step 4, a �lter is applied to isolate one component. Let
f RF = f LO + f IF be the signal that passes through. For a large di�erence betweenf IF

and f RF , it may be necessary to use several mixers and LO to upconvert the signal
in steps, since �lters cannot be made arbitrarily narrow. After the upconversion,
a power ampli�er (step 5) is used, which may have a larger noise �gure than the
pre-ampli�er, but provides a higher power output.
MIMO is a developing technology where several data streams are transmitted at
once. With several connected RF chains, the signal to each antenna is weighed
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2. Systems for Beamforming and Simulation Theory

Figure 2.1: Example of an RF chain at a transmitter, complete with DAC (1), pre-
ampli�er (2), upconvering mixer with local oscillator (3), bandpass �lter (4) and a
power ampli�er (5). The arrows indicate signal path.

in order to transmit several data streams at once and at the same frequency to
di�erent locations. This is called spatial multiplexing and relies on beams being
narrow enough to avoid mixing signals intended for di�erent users. Channel sparsity
is another important aspect, because the signals could also overlap if there are too
many re�ections on the way, allowing the signals to mix together. Ideally, the
transmitted signals have independent channels.

The center frequency assumed in this work isf RF = 28 GHz. Selected speci�cations
for components working at this frequency are presented in Table 2.1. As can be
seen from the data, constructing an individual RF-chain for each antenna in a large
array would be complicated, expensive and consume a lot of power. Additionally,
the equivalent channel at baseband can be represented by a matrix with size given
by the number of RF chains. Determining weights for the transmission typically
involves inversion and single-value decomposition of the equivalent channel, which
becomes very computationally complex for large matrices.

For the single user, single stream case, a phased array based on analog beamforming
can be done. This only requires a single RF chain and then modi�es the signal
passed to each antenna in the analog domain. A phase shifter connected before each
antenna is used to manipulate the phase of the signal sent to each antenna, in order
to steer the lobe direction.

The phase shifter can be implemented in di�erent ways, where one example is by
switching to and from delay lines. As the signal travels a longer path, the phase
is changed. As the electrical length is a linear function of the frequency given the
physical length, the phase at the output is a linear function of frequency. Another
variant can be made using a combination of low and high pass �lters. The response
using this method is less frequency dependent [15]. Variable phase shifters can not
take on arbitrary phases, but are rather designed to take on a set of discrete values.
They can be realized by connecting a series of phase shifting elements of set values
who are then switched in or out, so the phase can be represented as a binary number.
Typically, phase shifters have 5 or 6 control bits. resulting in 32 or 64 avaliable values
spread over angles in[0;2� ). This results in limitations on the analog beamforming,
as the angular resolution is lacking and the update frequency of the phase shifters
can limit the time to move the beam. Additionally, since only one RF chain is
employed, the system can only communicate with a single user at a given frequency
and time slot. A big advantage of MIMO is that the multiple streams allows for
spatial multiplexing, but this cannot be done with analog beamforming.
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Figure 2.2: Illustration of number of RF chains and number of antennas at trans-
mitter and receiver, respectively. The channel matrixH i;j maps the signal from
transmitter antenna j to receiver antennai .

2.3 Hybrid Beamforming

A natural extension to analog beamforming is increasing the number of RF chains
and thereby allowing transmission of several data streams at once, while still keeping
the phase shifters and using fewer RF-chains than antennas. This is called hybrid
beamforming, where digital precoding over the available RF chains is done to weigh
signals to get spacial multiplexing, and then adding a layer of analog beamforming to
control the signal to each speci�c antenna. The basis for description of the system is
found in Figure 2.2, with N t base station antennas,Nr antennas per user equipment
(UE), N RF

t RF chains at the base station andN RF
r chains at the UE. A total of K

users are present and each user receivesNs data streams.

An important characteristic of a system using hybrid beamforming is how the anten-
nas are connected to the RF chains. A proposed version common in the literature
is the fully connected (FC) architecture, where all RF chains connect to all anten-
nas, as in Figure 2.3a. In an FC system, in totalN tN RF

t phase shifters are used.
This o�ers a large degree of freedom in designing the weights, but the number of
phase shifters becomes large which causes high power consumption and high system
complexity. The cost per phase shifter may be high, especially if high resolution is
desired. Another issue in realizing the fully connected system is the signal crossover.
If the circuit is built on a chip, it may potentially cause insurmountable issues in
design, and signal leakage may degrade the functionality. Instead, one can connect
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(a) Fully connected (FC) (b) Partially connected (PC)

Figure 2.3: Illustration of the fully and partially connected architectures. In the
FC case, all antennas chains are connected to all RF chains, while in the PC case,
each antenna connects to only one RF chain.

each antenna to only one RF chain, but several antennas to each RF chain. This is
often called a partially connected (PC) or sub-connected system and is illustrated in
Figure 2.3b. Now, onlyN t phase shifters are needed and crossovers can be avoided.
The drawback is degraded performance.
A more general way of constructing the mapping is by using a group connected
architecture as proposed in [1]. Another article that proposes a similar mapping is
[16], where it is called a hybrid connection. Instead of only considering the extreme
cases of connecting all RF chains to all antennas, or each antenna to only one RF
chain, this architecture allows for one antenna to connect to any number of RF
chains. More speci�cally, the RF chains and antennas are divided into� groups,
then all RF chains are connected to all antennas within each group. An example
is illustrated in Figure 2.4, where the lines represent connections that in a real
system would also include a phase shifter. This also covers the previously discussed
architectures, as the fully connected structure is achieved by setting� = 1, and the
partially connected by setting� = N RF

t .
How the UE is constructed can vary a lot in the literature. Typically, the UE is
assumed to be much simpler than the base station, with much less available power
and fewer antennas due to space and battery limitations. In this work, 16 or fewer
antennas per user will be assumed unless otherwise stated. The UE is assumed to
perform hybrid beamforming with at most four RF chains. Then, each user can
only handle at most four data streams.
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Figure 2.4: Illustration of a group connected architecture. TheN RF
t RF chains and

N t antennas are divided into� groups. Within the groups, the systems are fully
connected.

2.4 The Fixed Phase Shifter (FPS) Implementa-
tion

An novel approach to increase the degrees of freedom of the analog network was
taken in Yu (2018) [1], where the use of a multi-channel and non-adjustable phase
shifter is proposed [17]. For each signal path, a switch is used to pass or block the
signal and the signals are combined afterwards. This is di�erent from the phase
shifters discussed in Section 2.2 where the phase shifters can be decomposed to
serially connected phase shifters of �xed phases, with switches to include or exclude
one phase shifter's contribution. In [1], the phase shifters are instead connected in
parallel. The total signal for a series connectionys and a parallel connectionyp

respectively become:

ys =
N cX

i =1

si pi ; yp =
1

P N c
i =1

si
pi

; (2.2)

wherepi is the phase of phase shifteri andsi can take on values 0 and 1, and indicates
whether the switch is on or o�. As a result, the approach by Yu [1] is fundamentally
di�erent and cannot be correctly represented by regular phase shifters. However, the
article about multi-channel phase shifters [17] refers to phase shifters with separate
channels for di�erent frequencies, while the FPS implementation would require a
phase shifter with multiple channels for one frequency. Therefore, this thesis will
simulate an FPS implementation with multiple sets of �xed phase shifters, one for
each connection. This is due to the lack of a known realistic multi-channel compo-
nent, but will incur a higher complexity for the FPS architectures than intended in
[1].
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(a) DPS (b) PS with amplitude control

Figure 2.5: Reachable complex weight values for a quantized phase shifter. In a),
two phase shifters connected in parallel are used, both with 2 bits for phase control.
In b), one phase shifter with 2 bits for phase control and 2 bits for amplitude control
is shown.

2.5 The Double Phase Shifter (DPS) implemen-
tation

By replacing each phase shifter in the standard Single Phase Shifter (SPS) structure
with two parallel connected phase shifters, amplitude control is gained since two
signals with unit amplitude but di�erent phases are added. This was proposed in [3]
as a way to increase the control over the analog weights while still using simple phase
shifters. Likely, using phase shifters with built in amplitude control is more viable to
implement than using twice as many phase shifters than needed. Hence, this report
has focused on using the developed algorithm but with a single amplitude controlled
phase shifter. In the case of in�nitely precise phase shifters, these two approaches
are equivalent, but the original proposal with two �xed amplitude phase shifters
(PS) in [3] o�er other reachable complex weight values in the quantized case. For a
quantized PS with 2 bits for phase control and 2 bits for amplitude control, Figure
2.5b presents a sketch of the reachable complex values. For a parallel connection
of two 2-bit �xed amplitude phase shifters, the equivalent sketch is given in Figure
2.5a.

2.6 Hardware Details

In order to compare base station architectures in terms of hardware complexity, cost
and power consumption, a framework was set up detailing all of the hypothetically
included components. Three di�erent aspects were considered: DC power consump-
tion, chip area and the equivalent number of diodes. The systems are here viewed
as the sum of a set of components. For the di�erent architectures and algorithms,
the total complexity for each is calculated as in Equation 2.3. The total number of
RF chain to antenna connections is denoted� = N tN RF

t =� , where � is the number
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of groups as detailed in Section 2.3.

X tot = N RF
t X RF + � (X PS + X Combiner ) + N tX PA ; (2.3)

whereX represents area, DC power or number of diodes depending on which prop-
erty is considered. RF stands for RF chain, PS stands for phase shifter, combiner
represents the complexity per stream to combine signals before the antenna, and PA
represents the power ampli�er needed before each antenna. For uplink transmission,
the PA would be swapped for a low noise ampli�er at the antenna. In Table 2.1,
the used data is presented. The value of the total area, number of diodes or power
consumption was then used to calculate the e�ciency of the system, as de�ned in
Equation 2.4.

E =
R

X tot
; (2.4)

whereR is the spectral e�ciency and X tot is de�ned in Equation 2.3.
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Table 2.1: Values of DC power consumption, component chip area and the equivalent number of diodes listed for each of the used
components. Values are summed for hardware comparisons.

Property
4-bit

PS [18]
PS (ampl.

control) [19]
Mixer
[20]

LNA
[20]

LO
[20]

PA
[21]

Switch
(DT) [22]

2x2 comb-
iner [9]

DC Power [mW] 0 27 0 38.4 174 291 0 10
Area [mm2] 0.067 0.063 0.37 0.13 0.81 0.59 0.01 0.28

Num. diodes 20 25 16 8 4 8 24 2

Technology
65-nm

LP CMOS
120-nm
CMOS

65-nm
CMOS

65-nm
CMOS

65-nm
CMOS

28-nm
CMOS

65-nm
CMOS

65-nm
CMOS

Gain [dB] � 14:1 � 5 � 6 10 - 22 � 1:1 -
Phase error [°] < 9:4 < 1:5 - - - - - -

Bandwidth [GHz] 0.85 2.85 4 4 4 2.975 14.5 -
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2.7 The Channel Estimation Problem

To relate the signal sent from one antenna at the BS to one antenna at the UE, a
channel matrix is constructed, denoted asH . Especially for a mm-wave channel, the
elements are very sensitive to changes in the environment, since the wavelength is in
the order of centimeters. To decode the received signal, the channel must be known
to some extent to nullify its e�ect. In a real-life system, obtaining this channel
information is complicated and the subject of a lot of research [8]. A common
approach is sending known waveforms, pilot signals, and recording the received
waveforms. However, approaches developed for MIMO systems may be hard to
reuse for hybrid systems, since the number of RF chains is less than the number of
antennas. Thus, the signal recorded by each antenna is not known, only a weighed
sum from all antennas connected to one RF chain is available. The problem is said
to be dimension de�cient. Because of this, there is not yet an optimal method for
channel estimation for hybrid beamforming systems and due to the complexity of
the problem, no channel estimation has been implemented in this work. In most
cases in this work, the channel matrix was assumed to be known at both receiver
and transmitter.

2.8 Spectral e�ciency

Spectral e�ciency describes the information rate over the transmission bandwidth.
For a single antenna transmitter and single antenna receiver, the maximum spectral
e�ciency is given by Shannon's channel capacity theorem [23]

C
B

= log2(1 + SNR); (2.5)

where C is the capacity in bits/s, B is the bandwidth in Hz and SNR stands for
signal-to-noise-ratio. Here, it is referred to the receiver. In this work, the SNR is
de�ned as:

SNR =
Pt

N0
; (2.6)

wherePt is the total transmitted power before the transmit antenna array andN0

is the noise power at the receiver. To �nd the capacity, the SNR at the receiver
should be used, which uses the received power.
With this de�nition, the spectral e�ciency R achieved for some combining weights
W , channelH and precoding weightsF and in total Ns transmitted data streams
in parallel to one user can be written as [5]

H eq = W H HF ; (2.7)

R = log2

 �
�
�
�
�
I N s +

SNR
Ns

(W H W )� 1H eqH H
eq

�
�
�
�
�

!

; (2.8)

where SNR is the signal-to-noise-ratio as de�ned in Equation 2.6 andH eq is the
baseband-to-baseband channel matrix.
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3
Channel Simulation and

Evaluation Tools

Initially, the posed questions were investigated through literature studies. Many
investigations have been done on hybrid beamforming systems, but most are done
with simulations, so comparisons with real implemented systems are scarce. In
this work, Monte Carlo simulations are used and in this chapter, the simulation
procedures are described. This includes how the channels were simulated and how
the performance was estimated, and while the work described in this chapter is not
the focus of the thesis, it should be considered the foundation for the investigated
beamforming algorithms.

3.1 De�nition of Channel Matrix

In the literature, the received and decodedCN s � 1 signal y is commonly de�ned as:

y = W H HF x + W H n; (3.1)

whereW is the CN r � N s combining matrix, H is the CN r � N t channel matrix, F is the
CN t � N s precoding matrix, x the CN s � 1 transmitted signal and n is CN r � 1 additive
noise. In some instances, prede�ned MATLAB methods have been used. A notable
thing is that MATLAB de�nes the received signal and the channel matrix as:

~y = ~x ~F ~H ~W + n ~W : (3.2)

With this de�nition, ~x and ~y are C1� N s vectors, ~F is CNs� N t , ~H is CN t � N r and ~W is
CN r � N s . Since the elements of~x and ~y should be the same as inx and y, taking the
transpose of Equation 3.2 should equal Equation 3.1, noting that(AB )T = B T AT .
Consequently, one can move between the de�nitions by using~F = FT , ~W = W �

and ~H = H T .
In the case of multi-user transmission, a channelH k is generated between the base
station and userk. The total channel matrix for all K users is then given by:

H = [ H T
1 ; : : : ;H T

K ]T : (3.3)

If the user k combining matrix is written as W k 2 CN r � N RF
r , the combiner matrix

containing all users can be written as blkdiag(W 1; : : : W K ). At the transmitter, the
digital precoding matrix FBB ;k is di�erent for transmission to each user and is of
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sizeCN s � N s , so that the common matrixFBB = [ FBB ;1; : : : ;FBB ;K ] 2 CN s � KN s . The
analog precoding matrix is shared for all users.
In order to have comparable results, the channel matrix must be normalized such
that the expected value of the square Frobenius norm equals the number of elements,
i.e. E[kH k2

F ] = Nr N t [5]. This makes it possible to compare results derived using
di�erent channel models, and to modify the elements and renormalize them, for
example to add an error or to amplify one path gain to simulate line-of-sight (LOS)
conditions.
In order to investigate the e�ect of channel estimation errors, a random error was
added for each element of the channel matrix. The resulting channel matrix,H est,
was used to calculate the beamforming weights, while the original matrix,H , was
used to evaluate the channel capacity. Call the random variable containing the errors
X , then let each element inX be i.i.d. x i;j � CN (0;1). Then, form the channel
estimate that includes an error by

H est =
H +

p
eX

p
1 + e

; (3.4)

where e is the error variance which here was kept in the range0 � e � 5. Then,
the normalized mean square error (NMSE) was estimated for the di�erent error
variances. In total, M di�erent channel instances were simulated, so lettingH m

and H m
est be the m:th simulated channel and estimated channel, the NMSE was

calculated as

NMSE =
P M

m=1
P N r

i =1
P N t

j =1 jH m (i;j ) � H m
est(i;j )j2

P M
m=1

P N r
i =1

P N t
j =1 jH m (i;j )j2

: (3.5)

3.2 Cluster Based Channel Model

The channel model mostly used in this thesis is a clustered channel model based
on the extended Saleh-Valenzuela model, as outlined in Ayach et al. (2014) [5].
It was implemented based on an example from Mathworks on hybrid beamforming
[24]. The channel is simulated by assumingNcl scattering clusters, each giving rise
to Nray rays, which is visualized in Figure 3.1. The clusters are placed at random
angles from the receiver and the transmitter, and a random contribution is added
to the angle of incidence for each ray. In addition, each ray is assigned a complex
propagation constant, corresponding to both attenuation of the path as well as
phase shift. The cluster angles were generated from uniform distributions, with the
added angle for each ray taken from a normal distribution. The gain was generated
from a standard complex normal distribution. The choice ofNcl and Nray would
depend on the simulated environment. These numbers should be kept low, since the
channel is sparse as noted in Section 2.1. However, it was found from the simulations
that the total number of scatters, NclNray , should be at least equal to the smallest
dimension of the channel matrix,Nr to avoid rank de�ciency. Additionally, there
should be at least as many clusters as there are data streams in order to allow spatial
multiplexing.
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Figure 3.1: Visualization of cluster based channel model. Here, transmitter and
receiver antenna arrays had 8 antenna elements each. Three clusters are drawn,
each containing 6 scatterers. Four out of the 18 multipaths are drawn as lines. The
channel matrix element is given as a sum over all multipaths.

To simulate the antenna array responses,PartitionedArray objects were generated
from the Phased Array System toolbox in MATLAB. With these objects and the
randomly selected cluster positions and gains, the functionscatteringchmtx was
used to generate a channel matrixH . As noted in Section 3.1, the used channel was
then found by transposing the result.
To simulate LOS conditions, the amplitude of the gain was ampli�ed by a factor of
100 for all rays related to the �rst cluster. The gain was then normalized such that
the channel ful�lled its expected Frobenius norm.
In the case of broadband transmission with multiple subcarriers, the same angles
and gains for the rays were used for all subcarriers. While the angles would be
the same, the gain may not be this �at in reality, as some variations in response
are expected when the frequency varies. An appropriate gain variation over the
bandwidth would need more investigation. The channel matrices were still di�erent
due to the di�erent array responses. The array elements had a physical spacing of
0:5� c where � c was the wavelength at the center frequency. The perceived spacing
was then di�erent over the bandwidth.

3.3 NYUSIM Channel Model

Another approach to simulate the channel matrix was to use a premade model.
One such example is the NYUSIM 5G channel model made based on extensive
measurements [25]. An open-source channel simulator is provided, which allows for
time-coherent or drop based simulations with a randomized distance between the
UE and the base station. For the Monte Carlo simulations done in this work, the
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drop-based mode was utilized which simulates a number of independent positions
around the base station and returns the angles of acceptance and departure, the
path loss, time delay and phases. Both the LOS and the NLOS cases could be
simulated using this. Here, only the UMi scenario was considered, which stands for
urban microcell. This would be a cell used to cover small, densely populated areas
in cities, with a range of below500 m[25]. In order to compare the results with the
clustered channel model, the calculated channel elements were normalized such that
kH k2

F = Nr N t .

3.4 Performance Calculation

The performance metric used was the spectral e�ciency, described in Section 2.8.
For the single user case, the spectral e�ciency was calculated as in Equation 2.7
with W = W RF W B and F = FRF FB .
In the multiple user case, following [2], the sum rate, or total spectral e�ciency for
all users, was calculated as

Rsum =
KX

k=1

log2

�
�
�
�I +

P
KN s

R � 1
k W H

k;BW H
k;RF H kFRF Fk:BFH

k;BFH
RF

H H
k W k;RF W k;B

�
�
�
� ;

(3.6)

R k =
P

KN s

X

i 6= k

W H
k;BW H

k;RF H kFRF F i: BFH
i; BFH

RF H H
k W k;RF W k;B+

+ � 2W H
k;BW H

k;RF W k;RF W k;B ;

(3.7)

where � 2 is the noise variance andP the signal power. As noted in Section 3.1,
matrices with subsript k denote the channel or weights for userk, for the in total
K users. The matrix R k contains the interference and noise for userk. In the
case of multiple subcarriers, the calculation was repeated for each one, summed and
divided over the total number of subcarriers, as the spectral e�ciency is expressed
as maximum rate over frequency.
To investigate the e�ect of phase shifter quantization, a set of allowed values were
set up. For phase quantization,2dp values evenly distributed in[0;2� ) were chosen,
where dp is the number of bits. Equivalentely, for amplitude quantization, the
maximum value, max(jA j), was set as the maximum value of the matrix to quantize,
then 2da values were set up in range[0;max(jA j)], whereda was the number of bits
for setting the amplitude. For each element in the analog matrices, the closest
allowed value was chosen.
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4
Weight Determination Algorithms

This chapter aims to describe the di�erent algorithms used for calculating the
weights applied to the signals for pre- and decoding. Alongside Chapter 3, it de-
scribes how the simulations were performed.
A number of di�erent algorithms were tested to calculate the weights in baseband
pre- and decoding matricesFB and W B , as well as in the analog, RF precoding
matrices FRF and W RF . In order to compare them, the resulting sum rates of the
systems were calculated as in Equation 3.6 for di�erent values of transmit SNR.
The same expression holds for single-user systems whereK = 1. A general way to
describe the mapping of RF chains to antennas is with the group connected model
as seen in Figure 2.4, where setting the number of groups� to 1 corresponds to
a fully connected system, and setting it toN RF

t answers to a partially connected
system. Therefore, the algorithms are described in this section for a group-mapping
scenario to cover all architectures. The goal of each algorithm is to take the channel
matrix and return precoding and combining matrices which give the optimal sum
rate.

4.1 Optimal Weights

A limitation of �nding the hybrid beamforming weights is that they are given as
the product of two matrices. The optimal weights are given as the unconstrained
precoding weights, not taking the speci�cs of the hybrid construction into account.
The dimension of the optimal weights is thereforeN t � Ns on the transmitter side,
and Nr � Ns on the receiver side. The used weights were based on an example given
by Mathworks on hybrid beamforming [24]. For the single-user case, the optimal
precoding weights were given by taking the singular value decomposition of the
channel matrix. The Ns �rst right-singular vectors could then be taken directly
to form the precoding weights. To form the combining matrix, a mimimum mean
square error (MMSE) estimator was used. The optimal decoding weights can be
written as [5]

W opt =

" �

FH
opt H

H HF opt +
Ns

SNR
I N s

� � 1

FH
opt H

H

#H

: (4.1)

In the multi-user case, an algorithm that forces block diagonality ofW H HF is used
[26]. Let W be block diagonal itself and determine each block as for the single-
user case, by taking the �rst left eigenvectors of the channel. The challenge is now
to design the precoder such that the block diagonality holds. With the combiner
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decided, de�ne a matrixH eq = W H
opt H as the new equivalent channel and�H k which

excludes userk, as

�H k = [ H T
eq;1; : : : ;H T

eq;k� 1; H T
eq;k+1 ; : : : ;H T

eq;K ]T (4.2)

In order to cancel out interference from the other users, the subset of digital trans-
mitter weights FB;k should lie in the nullspace of�H k . This can be extracted by
taking the singular value decomposition of�H k . Let �L k be the rank of �H k . The right
nullspace is then the lastN t � �L k right eigenvectors, called�V (0)

k Now, we can form
another equivalent channel that has no interference between users,~H k = H k

�V (0)
k . In

order to maximize the system capacity, take the single value decomposition (SVD)
of the interference-free channel matrix. Let~L k be the rank of ~H k , then pick out
the �rst ~L k right eigenvectors and denote this matrix asV (1)

k . Finally, the optimal
precoder can be determined as:

Fopt = [ ~V (0)
1 V (1)

1 ; : : : ; ~V (0)
K V (1)

K ]
p

� (4.3)

where
p

� is a diagonal matrix whose elements scale the power transmitted to each
user. These elements are found by utilizing thewaterfill MATLAB function. The
purpose is to distribute the signal depending on the noise in each equivalent channel.
This can be useful if the communication between one pair of RF chains is very poor,
letting the signal be send via the other pairs instead, since the receiever in the end
is one and the same.

4.2 Hu (2019) Algorithm

This method was proposed in [2] for fully connected and partially connected ar-
chitectures. In this work, it has been extended to cover general group connected
architectures. The used phase shifters are assumed to be without amplitude con-
trol. They start by designing the analog beamforming weights to maximize the
beamforming gain given a channel matrix. The objective is then written as:

max
W RF ;F RF

jW H
RF HF RF j: (4.4)

Each non-zero element inFRF and W RF is constrained to ful�ll jFRF (i;j )j = 1=
p

N t ,
and jW RF (i;j )j = 1=

p
Nr respectively due to lack of amplitude control.

The column iterative algorithm as in [27] was used to �nd the weights. The matrix
optimization is decomposed into multiple vector optimization problems by rewriting
the objective function as follows, wherewRF ;l is the l:th column vector of W RF and
�W RF ;l is the remainder ofW RF after removing columnwRF ;l .

jW H
RF HF RF j = j �W H

RF ;l H �FRF ;l j � j wH
RF ;l G l fRF ;l j; (4.5)

The variablesfRF ;l and �FRF ;l are de�ned correspondingly. The matrixG l is de�ned as
G l = H � H �FRF ;l ( �W H

RF ;l H �FRF ;l )� 1 �W H
RF ;l H . By separating the objective in this way,

the weights in thel:th RF chain can be found through optimization ofjwH
RF ;l G l fRF ;l j,

as its contribution has been taken out from the total beamforming gain. The new
goal is thereforemaxw RF ;l fRF ;l jwH

RF ;l G l fRF ;l j.
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Now, the vector fRF ;l is �rst updated element by element by separating out the
current n:th element, fRF ;l (n). Since Gl and wRF ;l are independent offRF ;l , the
expression can be rewritten, letting�fRF ;l be fRF ;l without the n:th element and
letting G l (n; :) be the n:th row of G l and �G l;n be the matrix G l with the n:th row
excluded.

jwH
RF ;l G l fRF ;l j = jwH

RF ;l
�G l;n

�fRF ;l + wH
RF ;l G l (n; :)fRF ;l (n)j: (4.6)

Since everything is kept �x except forfRF ;l (n), the expression in Equation 4.6 is
maximized if they are in phase, so the phase offRF ;l (n) is chosen to achieve this. As
such, the element is set as follows

! (1)
n;l = \

�
wH

RF ;l
�G l;n

�fRF ;l

�
; ! (2)

n;l = \
�
wH

RF ;l G l (n; :)
�

; (4.7)

FRF (n;l ) = fRF ;l (n) =
1

p
N t

exp
h
j (! (1)

n;l � ! (2)
n;l )

i
: (4.8)

Optimizing wRF ;l is handled similarly, letting �wRF ;l be wRF ;l without the m:th ele-
ment, letting G l (: ;m) be them:th column of G l and �G l;m be G l excluding them:th
column. The expression can be written as

jwH
RF ;l G l fRF ;l j = j �wH

RF ;l
�G l;m fRF ;l + wH

RF ;l (m)G l (: ;m)fRF ;l j: (4.9)

The element in question is then maximized by setting it to

! (3)
n;l = \

�
�wH

RF ;l
�G l;m fRF ;l

�
; ! (4)

n;l = \ (G l (: ;m)fRF ;l )) ; (4.10)

W RF (m;l ) = wRF ;l (m) =
1

p
N t

exp
h
j (! (4)

n;l � ! (3)
n;l )

i
: (4.11)

After all columns have been treated, the algorithm is repeated until the change
in jW H

RF HF RF j is below some threshold value. Now, the baseband weights in the
digital precoding and combining can be determined fromW RF and FRF . First, the
equivalent channel matrix can be formed asH eq = W H

RF HF RF . This represents the
path from a transmitter RF chain to a receiver RF chain. For transmission of several
data streams to a single user, �nding the eigenvectors to the equivalent channel
equates to �nding independent directions of transmission, to avoid interference.
Therefore, the baseband precoding can be found by taking the right eigenvectors,
found by SVD of H eq. This is written as H eq = U�V H . The digital precoder and
combiners is then constructed as

FB = � VP ; W B =
�
H eqFBFH

B H H
eq + � 2W H

RF W RF

� � 1
H eqFB ; (4.12)

where the matrix P can be calculated with the water�ll method. It was imple-
mented in MATLAB using the waterfill function. The scalar � is used in order
to normalize the transmitted power, and set to� =

p
Ns=kFRF VP kF .

For multiple users, the channel matrix is formed as described in Section 3.1. Then,
the analog precoding weights are calculated in the same way as for the single-user
case, where the channel matrix being several channel matrices combined lets the dig-
ital precoding be determined for every part corresponding to a certain user. On the
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receiver side, each user is treated separately. The matrixW RF ;k can be calculated
independently for each user. The total combining matrix used in the simulations is
block diagonal where each block is made up of the weights for each user. To calcu-
late the digital precoding weights, the block diagonalization algorithm described in
Section 4.1 is used with an equivalent channel de�ned aŝH = W H

RF HF RF .

4.3 FPS-AltMin Algorithm

The FPS-AltMin algorithm [1] is a special case of the AltMin algorithms developed
by the authors in a previous article [7], developed for group mapping with the FPS
approach as described in Section 2.4. This algorithm optimizes the baseband and the
RF precoding together, as opposed to the split up method in Section 4.2. UsingNc

multi-channel phase shifters and a network of switches decouples the RF precoding
matrix into a binary matrix, representing the switch states, and a constant phase
matrix. The problem now lies in optimizing the baseband precoding matrix and the
binary switch matrix.
If the optimal precoding matrix, Fopt , is found using unconstrained digital precoding,
then it was shown that the baseband and RF precoders that minimize the distance
to Fopt approximately result in the highest spectral e�ciency. In other words, the
following problem formulation can be used

min
F RF ;F B

kFopt � FRF FBkF = kFopt � � SCF DD kF : (4.13)

The baseband precoding matrix is rewritten asFB = � FDD , whereFDD is a unitary
matrix, FH

DD FDD = I N s , and � is a scalar constant. The RF precoding is also
rewritten as FRF = SC whereS 2 f 0;1gN t � N cN RF

t is the binary switch matrix, and
the phases of the �xed phase shifters are contained inC. It is constructed as a block
diagonal matrix where a vectorc containing the phases is repeatedN RF

t times. The
phase vector is written as

c =
1

p
Nc

h
ej� 1 ; : : : ; ej� N c

i
: (4.14)

Here, the phases are found by dividing the interval[0;2� ) evenly. Now, the objective
function can be rewritten and an upper bound found to simplify the analysis, with
details found in [1]

min
�; S;F DD

� 2kSk2
F � 2� <

h
tr

�
FDD FH

opt SC
�i

: (4.15)

Now, as the name of the algorithm hints,FDD is kept �x while � and S are updated.
By adding a constant term, the problem can be expressed as

min
�; S

k<
�
Fopt FH

DD C
�

� � Sk2
F : (4.16)

The optimal � is found by �rst vectorizing the �rst matrix into
x = vec

�
<

�
Fopt FH

DD C
��

. The elements are then sorted into a vector denoted as~x,
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with n elements in total. De�ne an intervalR i asR i = [2~x i ; 2~x i +1 ]. Then, construct
the following vector

�x i =

8
>>>>>>>><

>>>>>>>>:

1
i

iX

j =1

~x j if �x i < 0 and �x i 2 R i ;

1
n � i

nX

j = i +1

~x j if �x i > 0 and �x i 2 R i ;

+ 1 otherwise:

(4.17)

It turns out that at most 5 elements in �x are �nite [1]. Out of the �nite elements,
each is passed to a functionf (�x i ), and it turns out that the optimal � is given
directly as � � = arg min �x i f (�x i ). The function in question is de�ned to be

f (� ) = k~x � � sk2
2 =

8
>>>>><

>>>>>:

i� 2 � 2
iX

j =1

~x j � +
nX

j =1

~x2
j for � < 0 and� 2 R i ;

(n � i )� 2 � 2
nX

j = i +1

~x j � +
nX

j =1

~x2
j for � > 0 and� 2 R i :

(4.18)
Knowing the optimal � , the optimal switch matrix can be determined as

S� =

8
>>><

>>>:

1
�

< (Fopt FH
DD CH ) >

� �

2
1N t � N cN RF

t

�

� � > 0;

1
�

< (Fopt FH
DD CH ) <

� �

2
1N t � N cN RF

t

�

� � < 0:
(4.19)

With both � � and S� known, we can �x � and S to these values and updateFDD .
Since onlyFDD is changed, the objective in Equation 4.15 can now be rewritten to

max
F DD

� <
h
tr

�
FDD FH

opt SC
�i

: (4.20)

Then, the expression to be maximized can be upper bounded as follows

� <
h
tr

�
FDD FH

opt SC
�i

� j tr
�
� FDD FH

opt SC
�
j � k FH

DD k1 k� FH
opt SCk1: (4.21)

The second inequality is exact forF �
DD = V 1U H , which are given by SVD;� FH

opt SC =
U�V H

1 . With all variables determined, the algorithm now calls to repeat this cal-
culation until it converges. This was interpreted as repetition until the expression in
Equation 4.15 changes little enough between iterations. Then, recreate the baseband
precoding asFB = � FDD . In the multi-user case, the same block diagonalizaton as
done in Section 4.2 is repeated to minimize interference. This returnsFBD , which
is multiplied with the determined baseband precoding matrix to cancel out interfer-
ence.
On the receiver side, the procedure is the same. In the multi-user case, the combining
matrices of each user is as in Section 4.2 treated seperately and then combined to
form a block diagonal matrix.
The normalization factor is then calculated as
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� =
KN s

kSCF BFBD k2
F

: (4.22)

For the single user case, the block diagonalization matrix is omitted as no inter-
ference needs to be cancelled. Finally, the baseband precoding matrix isFBB ;k =p

� FB;kFBD ;k , and the RF precoding matrix isFRF = SC. Details and proofs can
be found in [1].

4.4 LASSO-AltMin Algorithm

The LASSO-AltMin is similar in approach to the FPS-AltMin algorithm, but in-
tended to use with a so-called double phase shifter structure [3]. As is explained in
more detail in Section 2.5, a single phase shifter with amplitude control can be used
instead, with some reservations for di�erences when using quantized phase shifters.
In this thesis, the DPS algorithm is used but with intentions to realize it with a
single phase shifter with amplitude control instead of two phase shifters working in
parallel.
The minimization problem is expressed similarly to Equation 4.13, speci�cally as:

min
F RF ;F B

kFopt � FRF FBB kF ; j(FRF ) i;j j < 2; kFRF FBB k2
F � KN s; (4.23)

for K users. The relaxed condition onFRF comes from the combination of two
phase shifters. It is given in [3] that the optimal precoder can always be perfectly
decomposed into an analog and a digital precoder for the minimal number of phase
shifters, N RF

t = KN s, which is special for the DPS structure and due to the relaxed
amplitude conditions. As the algorithm uses alternating minimization, the analog
precoder is considered at �rst. This is seen to become a LASSO problem, which
stands for least absolute shrinkage and selection operator, and rewrites the objective
function to only use a subset of the variables. As in the FPS-AltMin algorithm,
semi-orthogonal constraints are enforced on the baseband precoder, i.e. forcing
FBB FH

BB = I N RF
t

. The optimization problem in 4.23 has a closed form solution if
semi-orthogonality is enforced, where the optimal analog precoder can be written as

F �
RF = Fopt FH

BB � exp
h
angle(Fopt FH

BB )
i

� (jFopt FH
BB j � 2)+ ; (4.24)

where the multiplication in the second term is elementwise, andA+ = max( A;0).
The next step is to calculate the digital weights, simply given byFBB = VU H

1 where
V and U 1 come from the SVD ofFH

opt FRF , FH
opt FRF = U 1SV . In the multi-user

case, the same procedure as before holds. The precoding weights are calculated as
in the single-user case, now with a composite channel matrix and the combining
weights are handled seperately for each user. To cancel inter-user interference, the
block diagonalization algorithm [26] is applied as before.

4.5 Wu (2018) Algorithm

This quite straight-forward algorithm was proposed in [4] for broadband systems
with multiple users. The article describes both a procedure for phase shifters with
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and without amplitude control, but only amplitude constrained phase shifters were
considered in the implementation in this thesis.
The method described is simular to the method in Section 4.1. First, the optimal
combining weights are taken as theN RF

r �rst left eigenvectors of the channel matrix
for each user, found through SVD. The total combining weights is then set to be a
block diagonal matrix with the individual user matrices on the diagonal. Next, form
the equivalent channel as~H = W H

RF H . As the base station architecture in general
is considered to be group connected, a subset of~H corresponding to the group size
is selected. Let� = N RF

t =� and � = N t=� be the dimensions of the group and call
the group channel matrix ~H �;� . Then, to set the analog weights of this group, take
the � �rst right eigenvectors of ~H �;� , again through SVD.
As the phase shifters were set to be amplitude constrained, the constrained ampli-
tude is enforced by simply taking the phase of the analog weights above, and set
the amplitude to a constant1=

p
N t for the transmitter and 1=

p
Nr for the receiver.

Next, use the block diagonalization described in Section 4.1 to cancel interference
between users for the multi-user case. As no other digital weighting is speci�ed and
the algorithm was written for the multi-user MIMO case, it was elected in this work
to add nothing in the digital domain for the single-user case.

4.6 Orthogonal Matching Pursuit (OMP)

This algorithm was presented in [5] and was been implemented in the Phased Array
System Toolbox in MATLAB, as omphybweights. This instance of the algorithm is
only available for fully connected systems. The idea is to build a codebook and pick
columns of the RF precoding matrix from this codebook. The candidates can for
example be the array response vectors of the channel. More precisely, the columns
of the optimal precoder,Fopt can be written as linear combinations of the vectors
at (� t

i;l ; � t
i;l ) where � t

i;l and � t
i;l are the departure angles for all of the paths in the

channel, andat is the array response. This was be constructed by lettingFRF

be made up of response vectors. The baseband weights were set to let the total
precoding matrix FRF FBB approximate Fopt as good as possible [5].

4.7 Generalizing to multiple subcarriers

Out of the included algorithms, FPS [1], DPS [3] and Wu (2018) [4] included support
for ODFM systems, while Hu (2019) [2] was generalized with the other algorithms as
inspiration. In general, the RF weights were found using the method described for
a single carrier, with the average over the channels for each subcarrier taken as the
channel matrix. This needs to be done since the di�erent frequencies are transmitted
simultaneously and the phase shifters, implemented in the hardware, ideally provide
the same phase shift over the entire bandwidth. Meanwhile, the digital precoding is
before the transformation to time domain by the DACs, so di�erent weights can be
applied to each subcarrier. Therefore, the total matrix of baseband weights is given
as
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FBB = [ FBB ;1; : : : ; FBB ;F ] ; (4.25)

where FBB ;f denotes the precoding for thef :th subcarrier, and W BB is written
correspondingly.

4.8 Summary of algorithms

In order to provide a more cohesive summary of the used algorithms, they are
presented in broad strokes in Table 4.1.

Table 4.1: Overview of implemented algorithms for calculating the analog and
digital precoding and combining weights.

Algorithm Optimization method Phase shifter implementation
Optimal Closed form -

Hu (2019) [2] Element-wise PS w/o amplitude control
Wu (2018) [4] Closed form PS w/o amplitude control

FPS [1] AltMin Fixed PS and switch network
DPS [3] AltMin PS with amplitude control
OMP [5] Codebook based PS w/o amplitude control

4.9 Example of hardware required for di�erent al-
gorithms

Based on the analysis of components presented in Section 2.6, the area, number
of diodes and DC power consumption for each architecture can be estimated. As
is clear from Table 4.1, the di�erent tested algorithms require somewhat di�erent
hardware: the FPS algorithm uses its own structure, DPS requires amplitude control
on the phase shifters, while the rest use regular phase shifters without amplitude
control. In order to make the hardware estimation clearer, a fully connected example
is presented in Table 4.2 for a base station withN t = 8 antennas,N RF

t = 2 RF chains
and Nc = 5 �xed phase shifters. The regular phase shifters have 4 bits to set the
phase, while the amplitude control phase shifters have 6 bits for phase and 6 bits
for amplitude. Only a transmitter is considered, while a real system may be a
transceiver with higher complexity. In Mondal et al. (2018) [9], a fully connected
receiver is presented with total chip area of6:2 mm2 and DC power consumption of
0:34 W. Here, phase control is done by controlling the amplitude of a real stream
and an imaginary stream and summing them. This achieves the same end goal as
changing the phase with a phase shifter, but the components would be di�erent.
Compared to the summed results in Table 4.2 for PS with amplitude control, the
area and the power consumption are seen to be smaller in the real implementation.
It's expected that the power consumed is smaller in a receiver than a transmitter as
the power ampli�er has a big contribution, but the area should be comparable.
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Table 4.2: Example of calculations for hardware estimation following Section 2.6,
for three fully connected systems. AreaA is given inmm2 and consumed DC power
Pdc in W. Number of diodes is denotedNd. The number of components needed for
the architecture of a certain kind isN .

FPS Regular PS
Attribute N A Pdc Nd N A Pdc Nd

RF chains 2 2.6 0.42 56 2 2.6 0.42 56
Phase shifters 80 5.4 0 0 16 1.1 0 320

Switches 80 0.8 0 1280 - - - -
Combiner 40 11.2 0.4 80 8 2.2 0.08 16

Power ampli�ers 8 4.7 2.3 192 8 4.7 2.3 192
Sum - 24.7 3.1 1608 - 10.6 2.8 584

Ampl. PS MIMO
Attribute N A Pdc Nd N A Pdc Nd

RF chains 2 2.6 0.42 56 8 10.4 1.7 224
Phase shifters 16 1 0.4 400 - - - -

Combiner 8 2.2 0.08 16 - - - -
Power ampli�ers 8 4.7 2.3 192 8 4.7 2.3 192

Sum - 10.5 3.2 664 - 15.1 4 416
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5
Simulated Spectral E�ciency

In this section, the results from the investigations are presented and the consequences
discussed. In Section 5.1 and 5.3 it is discussed which algorithm and hardware im-
plementation is optimal for the single-user and multi-user case, respectively. In
Section 5.2, results for the LOS case are presented for a single user system. Algo-
rithm e�ciency is investigated in Section 5.4. In Section 5.5, runtime is presented
for each algorithm. Then, quantization of phase shifters is explored in Section 5.6,
and the e�ect from adding an error to the channel matrix used to calculate weights is
discussed in Section 5.7. Finally, results using a more realistic, measurement based
channel model are presented in Section 5.8

5.1 Single-user System Comparisons

First, all implemented algorithms were used to compute analog and digital weights
for a single-user, single carrier system. The SNR, de�ned as transmit power over
receiver noise, was varied and the resulting spectral e�ciency computed. In Figure
5.1, the results are presented for the investigated algorithms. The optimal hybrid
beamforming algorithm is described in Section 4.1. Where applicable, the fully
connected and partially connected cases have been simulated. Antenna arrays with
N t = 64 and Nr = 16 antennas were used and the number of RF chains were set
to 4 for both transmitter and receiver, except for the MIMO case whereN RF

t = N t

and N RF
r = Nr . The used channel was cluster based with 16 scattering centers, each

giving rise to 8 rays.
As expected, the fully digital MIMO system with 16 data streams achieved the
highest spectral e�ciency in Figure 5.1, and analog beamforming with only one
stream resulted in the lowest. At SNR below� 25 dB, single-stream transmission
such as in analog beamforming gave the highest spectral e�ciency. While the fully
connected systems performed close to the optimal case, the partially connected
algorithms still performed about twice as good as analog beamforming at an SNR
of 0 dB, and about as good or better than OMP run with a fully connected system.
At an SNR of 30 dB, a fully connected system achieved a spectral e�ciency of
60 bps=Hz. The partially connected systems reached55 bps=Hz in the case of Hu,
FPS and DPS, while Wu placed slighly lower at51 bps=Hz, where bps stands for
bits per second. By applying a linear �t between15 dB and 30 dB to the MIMO
curve and the unconstrained hybrid beamforming curves respectively, the slopes were
found to be1:3 bps=Hz=dB for the hybrid beamforming systems and4:3 bps=Hz=dB
for the MIMO case. This di�erence comes from the MIMO instance having four
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Figure 5.1: Comparison of spectral e�ciency achieved with di�erent algorithms.
Where possible, both partially connected (PC) and fully connected (FC) systems
have been used. The number of antennas were 64 at the transmitter and 16 at
the receiver. The curves for DPS FC and optimal hybrid beamforming overlap
completely.

times as many streams. The factor between the cases was not exactly four since the
environment was not rich enough to support ideal MIMO transmission.
In order to observe the e�ect of the antenna array size, the number of RF chains
were kept �xed at N RF

t = N RF
t = 4 and the receiver antennas kept atNr = 16, then

the number of transmitting antennas at the base station was varied from 32 to 128
in steps of 16. In general,N t was not an even square, so in those cases the array was
rectangular. Below 64 antennas, the shorter axis was set to 4 antennas, and above
it was kept at 8 antennas. From the results in Figure 5.2, it seems as if the achieved
spectral e�ciency increased most dramatically for the MIMO-implementation. The
�attest increase can be seen for analog beamforming. The hybrid beamforming algo-
rithms experience roughly the same rate of increased spectral e�ciency for increasing
the number of antenna elements. The improved spectral e�ciency with number of
antennas is due to higher beamforming gain - as noted in Section 2.1, larger arrays
o�er narrower beams and higher gain in desired directions. This a�ected MIMO
more, as it had a larger number of streams.
In order to answer how many antennas the UE needs, the equivalent investigation
was done forNr , testing from 8 receiver antennas to 56, in steps of 8. Again, the
number of data streams in the case of hybrid beamforming was kept atNs = 4,
but increased in the MIMO case. This is because the smaller channel dimension
was varied, which limits the number of allowed MIMO streams. The results are
presented in Figure 5.3. Below 16 antennas, the number of antennas along the
smaller dimension was kept at 2 and above, it was set to 4. The increase in spectral
e�ciency for MIMO would be expected to be higher since the number of streams
increases withNr . However, the number of clusters used in the simulation was
Ncl = 16, so the environment was not spatially diverse enough to allow many more
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Figure 5.2: Spectral e�ciency over number of base station antennas, for di�er-
ent algorithms. The results for DPS FC and optimal hybrid beamforming overlap
completely.

strong, independent streams. Since water�ll was implemented, not all available
streams were used. The streams corresponding to the weaker channel gains would
not contribute much to the total spectral e�ciency but draw power, so by enabling
water�ll, the spectral e�ciency is maximized even if it means turning o� many
streams. It was seen in this case that the number of transmitted streams varied
depending on the channel instance, but was typically around 10 and did not exceed
16. This is an expected result, asNcl = 16 and the number of clusters set the
number of paths well separated in angle. The hybrid beamforming algorithms show
the same behaviour as they did in Figure 5.2, showing that for an increase in spectral
e�ciency, either antenna array can be increased.
In addition to the single-carrier results provided previously, simulations were also
done for OFDM systems with multiple subcarriers. A similar investigation as in
Figure 5.1 over di�erent receiver SNR values is presented in Figure 5.4. The OMP
algorithm was not included due to uncertainty about how it was implemented for
the multi-subcarrier case - the MATLAB documentation only cites a narrowband
version. Analog beamforming was not added due to a need to rework some of the
code and time limitations. Since spectral e�ciency is normalized by bandwidth, it
follows that the results are roughly in the order of the results in Figure 5.1. This
system would however allow a much larger bandwidth, so the actual data rates in
bps would be higher.
There are some slight di�erences for FPS, which is seen to perform a bit worse
in the multi-subcarrier case. In the other algorithms, the mean of the channels is
used to calculate the analog weights which are common over all frequencies. In
FPS, the inner product of the frequency speci�c baseband weights and the optimal
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Figure 5.3: Spectral e�ciency over number of user equipment antennas. The curves
for DPS FC and optimal hybrid beamforming overlap completely.

Figure 5.4: Comparison of weight algorithms simulated with 256 subcarriers.

weights is taken when determining the analog weights, which may behave slightly
di�erent than in the other cases. The FPS receiver weights were found to be poorly
conditioned, so a small value was added the diagonal of the receiver weight matrix,
to allow inversion. This then a�ects the spectral e�ciency somewhat.

32



5. Simulated Spectral E�ciency

Figure 5.5: Algorithm comparison in the LOS case, where one path has20 dBhigher
gain than the others. The curves for DPS FC and optimal hybrid beamforming are
seen to overlap.

5.2 Line-of-Sight Investigations

In a real testing environment, it would be expected to sometimes have one path
much stronger than the others. This was called the strong LOS case and tested by
setting the gain of one path to20 dB higher than the rest. The results are shown
in Figure 5.5. DPS [3] and FPS [1] were found to give poorly conditioned weights
in this case, causing numerical issues. For DPS, it could be solved by implementing
water�ll, which was not included in the original algorithm. This was not su�cient
in the FPS case, so it was excluded.
Due to channel normalization, the increased gain of one path comes at the cost
of gain for the other paths which makes transmission there weaker. This leads to
reduced diversity and lowers performance, especially in the MIMO case. Compared
to the NLOS case in Figure 5.1, analog beamforming becomes more competitive, as
it only uses one path regardless. If very small SNR is considered, it can be seen that
the DPS algorithm with water�ll enabled follows the analog beamforming curve.
When the power allocated to each stream is investigated, it con�rms that only one
data stream is used in that case.
If the LOS component is instead set to10 dB stronger than the other multipath
gains, the di�erent cases look like in Figure 5.6. This will be referred to as the weak
LOS case. Here, the resulting spectral e�ciency is as in the NLOS case in Figure
5.1. This shows that one strong path can be tolerated and allow the algorithms to
function as normal, but in the very strong gain di�erence case in Figure 5.5, the
performance starts to change.
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Figure 5.6: Algorithm comparison for LOS conditions, with one path gain set to
10 dB higher than the rest. Again, the curves for DPS FC and optimal hybrid
beamforming overlap.

5.3 Multi-user System Comparisons

The used algorithms were also implemented in the multi-user case. Since analog
beamforming is limited to single-user systems, it has not been included here. The
OMP algorithm was also written for the single-user case [5]. There have been works
to generalize this algorithm to a multi-user system [6], but this was only done for
the case with one RF chain per receiver, so it was not pursued in this thesis.
The remaining algorithms are plotted in Figure 5.7 over SNR. Here, 64 transmit-
ter antennas are used, each receiver has 4 antennas and there are in total 8 data
streams transmitted to 4 non-collaborating users. The MIMO weights here are given
by the function blkdiagbfweights which uses the block diagonalization algorithm
described in Spencer (2004) [26]. The MIMO results presented in Figure 5.7 agree
with the capacity given in the article.
In the same way as in the single-user case, everything was generalized to multiple
subcarriers and an investigation over SNR was done, which is shown in Figure 5.8.
As in the single-user case, the spectral e�ciency is the same with one or multiple
subcarriers as it is normalized over bandwidth. As in the single-user case, FPS is
seen to degrade at high SNR for the multiple subcarrier case.
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Figure 5.7: Comparison of investigated algorithms in the multiuser MIMO case.
Each of the 4 users is equipped with 4 antennas and receives 2 data streams in
the hybrid case. The curves for DPS FC and optimal hybrid beamforming overlap
completely.

Figure 5.8: Comparison of investigated algorithms over SNR, in the multi-user,
multi-subcarrier case. Here as well, the curves for DPS FC and optimal hybrid
beamforming overlap completely.
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Figure 5.9: Spectral e�ciency achieved using di�erent algorithms and varying con-
nectivity. The SNR was kept at 0 dB. 256 antennas were used at the transmitting
base station and 64 were used at the receiver, and the number of RF chains were 16
at both.

5.4 E�ciency Investigations

In order to give a more in-depth understanding of how the connectivity between
the RF chains and the antennas a�ect the spectral e�ciency, a larger system was
simulated with 256 antennas at the transmitter and 64 antennas at the receiver,
and 16 RF chains at both. Then, the number of RF chain groups was varied, which
is explained in Section 2.3. To keep the number of elements per group equal, the
tested values for number of groups weref 1;2;4;8;16g. The results are displayed in
Figure 5.9. It can be seen that the spectral e�ciency decreases gradually as the
architectures go towards partially connected. This behaviour is expected, since the
degrees of freedom decrease.
It is however a somewhat misrepresentative comparison, since all systems have dif-
ferent hardware components. To correct this, the complexity was estimated as the
number of diodes or equivalent components. The e�ciency as de�ned in Equation
2.4 was calculated for several architectures, as seen in Figure 5.10. The spectral
e�ciency data is the same as in Figure 5.9, but here it is divided by the number of
diodes. Based on this, the algorithms from Wu (2018) [4] and Hu (2019) [2] perform
best. Since the FPS architecture gives rise to a large number of switches who contain
several diodes [22], the hardware saved on using �xed phase shifters ends up costly
as can be seen from the poor e�ciency.
While the number of diodes indicates system complexity, the area occupied on a chip
is another aspect that relates to complexity. For example, inductors and delay lines
are typically large components which are not caught by counting diodes. Chip area
is also paramount to manufacturing cost. Therefore, the area was estimated for the
di�erent architectures and in Figure 5.11, the area-spectral e�ciency is presented for
di�erent RF-to-antenna connectivities. Both these results and Figure 5.10 indicate
that the spectral e�ciency increase given by increasing the analog layer connectivity,
does not outweigh the increased complexity of the system.
Another important factor when judging the e�ciency is the consumed DC power,
since base station power consumption is a major concern moving forward [28]. The
estimated e�ciency related to power consumption is shown in Figure 5.12. As in
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5. Simulated Spectral E�ciency

Figure 5.10: E�ciency of algorithms, referred to number of diodes in the architec-
ture, over number of RF chains per group.

Figure 5.11: E�ciency referred to estimated chip area, for di�erent algorithms over
the number of RF chains per group.

37




	Abstract
	Abbreviations
	List of Figures
	List of Tables
	Introduction
	Background
	Previous Work
	Aim
	Limitations
	Specification of Issues Under Investigation
	Notation

	Systems for Beamforming and Simulation Theory
	Characteristics of mm-Wave Channels
	Analog and fully digital beamforming
	Hybrid Beamforming
	The Fixed Phase Shifter (FPS) Implementation
	The Double Phase Shifter (DPS) implementation
	Hardware Details
	The Channel Estimation Problem
	Spectral efficiency

	Channel Simulation and Evaluation Tools
	Definition of Channel Matrix
	Cluster Based Channel Model
	NYUSIM Channel Model
	Performance Calculation

	Weight Determination Algorithms
	Optimal Weights
	Hu (2019) Algorithm
	FPS-AltMin Algorithm
	LASSO-AltMin Algorithm
	Wu (2018) Algorithm
	Orthogonal Matching Pursuit (OMP)
	Generalizing to multiple subcarriers
	Summary of algorithms
	Example of hardware required for different algorithms

	Simulated Spectral Efficiency
	Single-user System Comparisons
	Line-of-Sight Investigations
	Multi-user System Comparisons
	Efficiency Investigations
	Runtime Comparisons
	Effect of Quantized Phase Shifters
	Effect of Errors in Channel Matrix
	Results Using a Measurement Based Channel

	Discussion
	Method Analysis
	Result Analysis
	Future Work
	Relevance to Industry and Society

	Conclusion
	Bibliography

