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Abstract—Millimeter-wave (mmWave) hybrid analog-digital
beamforming is a promising approach to satisfy the low-latency
constraint in multiple unmanned aerial vehicles (UAVs) systems,
which serve as network infrastructure for flexible deployment.
However, in highly dynamic multi-UAV environments, analog
beam tracking becomes a critical challenge. The overhead of
additional pilot transmission at the price of spectral efficiency
is shown necessary to achieve high resilience in operation. An
efficient method to deal with high dynamics of UAVs applies
machine learning, particularly Q-learning, to analog beam track-
ing. The proposed Q-learning-based beam tracking scheme uses
current/past observations to design rewards from environments to
facilitate prediction, which significantly increases the efficiency
of data transmission and beam switching. Given the selected
analog beams, the goal of digital beamforming is to maximize
the SINR. The received pilot signals are utilized to approximate
the desired signal and interference power, which yield the SINR
measurements as well as the optimal digital weights. Since the
selected analog beams based on the received power do not
guarantee the hybrid beamforming achieving the maximization
SINR, we therefore reserve additional analog beams as candidates
during the beam tracking. The combination of analog beams with
their digital weights achieving the maximum SINR consequently
provides the optimal solution to the hybrid beamforming.

Index Terms—UAV communication, mmWave, machine learn-
ing, Q-learning, beam tracking, hybrid beamforming, weight
optimization, highly dynamic environment.

I. INTRODUCTION

Applications of unmanned aerial vehicles (UAVs) in civil
uses become popular in recent years. For example, post-
disaster use. A UAV is capable of carrying a network device as
an access point that uses an intelligent reflecting surface with
beamforming to reflect incident signals [1]. A group of UAVs
forms an aerial radio access network (aerial-RAN), which
serves short-term network infrastructure as an independent
wireless network or a long-term extension of existing mobile
communication networks [2], [3]. An aerial-RAN can perform
tasks such as (i) the UAVs together transmit or receive signals
from different directions to detect weak signals from victims
and (ii) the UAVs separately serve as independent wireless
networks to provide a wide range of services, see Fig. 1. In
this example, two followers collect data from ground users
and then report the information to the lead UAV, which will
pass the data to a remote ground anchor node [4], [5], [6].
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Fig. 1. An example of multi-UAV scenarios. The UAVs are deployed in an
area of interest for search and rescue works, where the lead UAV transmits
the users’ data collected from the followers to the ground anchor node.

Such an operation is often characterized by low-latency and
high-resilience constraints. The former is defined as the time
to get a response to information sent, while the latter is the
ability that provides and maintains an acceptable link quality
of services in highly dynamic operations.

Millimeter-wave (mmWave) communication is one of the
candidates to satisfy the low-latency requirement due to avail-
ability of large chunks of spectrum in unlicensed mmWave
frequency bands [7], [8]. Compared with sub-6 GHz com-
munications, mmWave propagation suffers from more severe
environmental conditions, such as path loss and a small
number of scattering events [9], [10]. In order to improve
the data rates and quality of service, beamforming technology
for large antenna arrays seems to be a promising approach.
At mmWave frequencies, analog beamforming via a passive
phased array is taken into account due to cost and power con-
sumption concerns [11], [12], [13]. With more than one analog
beamforming vector, linear combinations of multiple analog
beamforming vectors with weights of digital beamformers as
coefficients provide more degrees of freedom for beamforming
designs. Such a beamforming architecture is called hybrid
analog-digital beamforming [14], [15].

In hybrid beamforming systems, although both analog and
digital beamforming matrices use the same word beamform-
ing, only the former has a specific geometrical meaning in
the sense of transmitting or receiving signals towards specific
directions in the 3-D space using antenna arrays. In contrast,
the digital weights act in the sense of optimum linear com-
bining, given some cost criterion. According to the functions
of analog and digital beamforming, hybrid beamforming can
be viewed as first converting a MIMO channel matrix (in
the spatial domain) into an effective channel (in the angular
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domain) using analog beamforming vectors [16], [17]. Then,
one can further design the weights of the digital beamformers
to linearly combine the analog beamforming vectors based on
some optimality criteria. Clearly, the performance of hybrid
beamforming is dominated by the analog beam search. In
highly dynamic UAV environments with speed up to 100 m/s
[18], this challenge (or specifically speaking, analog beam
tracking) will be a critical problem.

One of the key performance indicators for dynamic beam
tracking could be network resilience [19]. In dynamic environ-
ments, the UAVs may have to switch the analog beams rapidly
in order to stably provide the acceptable link quality. Given
codebooks that consist of candidates for the analog beams,
the work in [20] presented a gradient-based algorithm to find
a better beam next to the currently used beam, and in [21],
the beam tracking problem is formulated as a multi-armed
bandit problem. One can also use the extended Kalman filter
to recursively track the beams based on the estimated angles
of departure and arrival (AoDs/AoAs) [22]. In addition, a con-
ventional object tracking method using reinforcement learning
in computer vision [23] has attracted attention and been
used in beam tracking [24], [25], [26]. All above-mentioned
methods try to find the beam which can achieve an acceptable
link quality. However, implementing beam tracking for highly
dynamic channels needs a large number of observations (that
is, received pilot signals) by sacrificing the spectral efficiency.
When we pursue a high-resilient multi-UAV communication,
the transmission overhead of pilots is another issue. In this
paper, we attempt to strike the balance between the system
resilience and efficiency.

To handle the beamforming problem for a time-varying
channel, we let the UAVs learn how to interact with the highly
dynamic environment during the beam tracking using Q-
learning [27], [28]. Q-learning is a model-free reinforcement
learning algorithm that uses experience, current measurements,
and rewards from the environments to solve the prediction
problem without knowing a model of the environment. When
applying Q-learning to beam tracking, the crucial problem
is to design the reward function based on the noisy obser-
vations. Please note that the reward function also influences
the experience in Q-learning. Some prior works in [24], [29]
used true values of the signal to interference plus noise ratio
(SINR) or true values of the received power to define the
reward function, which cannot faithfully show the performance
of Q-learning-based beam tracking in practical cases. In the
proposed method, we use the noisy observations to design
the reward function and take current/past observations as
arguments in such a way to reduce the pilot overhead.

In the analog beam tracking, the analog beams are selected
according to the power of observations.' These beams together
yield (nearly) the maximum received power. However, the
spatial-domain interference from different UAVs could seri-
ously degrade the throughput. Essentially, what really matters
to multi-UAV hybrid beamforming is the SINR maximization
[30], [31]. To this end, given the selected analog beams, one

!Precisely, the power of observations determines the rewards from environ-
ments in Q-learning, and then we use the rewards to find favorable beams.

can design the corresponding digital weights to maximize
the SINR. To obtain the measurements of SINR, we use
the received coupling coefficients” (associated with the beams
assigned to difference UAVS) to approximate the desired signal
and interference power, which facilitates the design of the
digital weights. Moreover, it is worth noting that the analog
beams leading to the maximum received power may not
lead to the maximum SINR [17]. We therefore reserve more
candidates for analog beams during the beam tracking. It turns
out that the analog beams have to be determined after linear
combinations of analog beamforming vectors with the digital
weights.

The contributions of the proposed method are summarized
as follows:

o The proposed method only requires the received coupling
coefficients as observations to implement both the analog
beam tracking and digital weight optimization. Compared
with prior works in the literature which need detailed
knowledge, such as channel, we provide a more feasible
solution to connect multiple UAVs with low complexity.

¢ We formulate the beam tracking problem using a Q-
learning model and introduce how to use the coupling
coefficients to design the rewards. The proposed method
can stably track the beams in highly dynamic environ-
ments.

e To track the beams in highly dynamic UAV environ-
ments, the burden of pilot transmission is inevitable. The
proposed beam tracking method uses current and past
observations to solve the prediction problem. In such
a way, it significantly increases the efficiency of data
transmission and beam switching.

o The selected analog beams based on the received power
do not ensure that hybrid beamforming achieves the
maximization SINR. We manage to reserve additional
analog beams as candidates during the beam tracking
and then determine which combination of analog beams
with their digital weights achieves the maximum SINR.
This idea can be simply implemented given the coupling
coefficients.

The rest of this paper is organized as follows: Section
IT describes the multi-UAV beamforming system and time-
varying AoDs/AoAs. Section III states the objectives and
challenges of the hybrid beamforming problem in highly
dynamic environments. To efficiently track the analog beams
with limited number of observations, Q-learning is applied
to the beam tracking problem for one and multiple links
presented in Section IV. Given selected beam pairs, we pursue
the corresponding optimal digital weights and the solution
is provided in Section V. Simulation results are presented in
Section VI, and we conclude our work in Section VII.

We use the following notations throughout this paper.

2A coupling coefficient is a measure of a pair of analog beamforming
vectors selected on both sides of the channel [17].
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Fig. 2. A multi-UAV hybrid beamforming system has a lead with a

hybrid analog-digital beamformer and U followers equipped with analog
beamformers.

a A scalar.

a A column vector.
A A matrix.

A A set.

[a], The n'" entry of a.

A*  The complex conjugate of A.
AH  The Hermitian transpose of A.
Iy The N x N identity matrix.

II. SYSTEM MODEL

A clustered multi-UAV beamforming system shown in Fig.
2 has one lead and U followers. We assume that these UAV's
are perfectly synchronized in time and frequency, and the
lead communicates U data streams to U followers at the
same time and frequency. That is, we consider space-division
multiple access (SDMA) with beamforming to enable data
transmission/reception for multiple UAVs [32], [33], and let
each UAV be equipped with a uniform rectangular array
(URA) of N = Nx Ny antennas.

The goal of multi-UAV beamforming in a highly dynamic
environment is to maximize the system throughputin a discrete
time interval ¢ = 0, --- , 7. At the cluster lead, the signals are
received from specific directions using U analog beamformers
at time ¢, denoted by fp, ; € CN*1 y=1,---,U. The ana-
log beamformers are implemented in the passband as part of
the RF front end. Due to the concerns of high implementation
costs and power consumption, they have some limitations, e.g.,
the weights of analog beamformers have unit magnitude be-
cause analog beamformers are typically implemented by phase
shifters [12]. The U analog beamforming vectors together are
denoted by the matrix Fp; = [fp14,---,fpus] € CVXU,
and these vectors can be further combined with the weights
of the baseband digital beamformer Fp , € CV*U.

Given a pre-defined codebook F = {f'nf € CN*l n; =
1,--+,Np, Np > U}, the U analog beamforming vectors at
the lead are selected from the set 7. Beam f’n ; of the URA,
i.e., the n‘}‘ member of F can be represented by the Kronecker

product (denoted by ®) of the beamforming vectors fx ., €
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Fig. 3. An array geometry of the URA.

CNx*1 and fy,,,, € CNv*!in 2- and y-direction respectively
[34]:

fnf - fX,nf ®E‘Y.,nf7

(1)

and the element of f'X_,n s and fyyn , can be represented by

exp (—ji—’; cos(Pn; ) sin(On, ) (ne — 1)Ad)

[Ex,nsln. = Noes :
[f‘ynf]ny _ exp (—ji—’; sin(én ;) sin(fn, ) (ny — 1)Ad) o
' VNy
where n, = 1,--- ,Nx and n, = 1,--- , Ny are the indices

of antenna elements in z- and y-direction respectively. Also,
¢n, and 0,,, are respectively the n‘}‘ candidate for the azimuth
and elevation steering angles at the lead (see Fig. 3), Ay =
Ao/2 is the distance between neighboring antenna elements,
and )\ is the wavelength at the carrier frequency.

For the U followers, each only uses a single analog beam-
former wp,; € CV*! with N phase shifters to commu-
nicate with the lead.® Similar to the analog beams at the
lead, each follower selects an analog beam from codebook
W= {w,, c¢C"1 n,=1,--- Ny, Nw >U}*

Via a time-varying channel H, , € CN*Y between the
lead and follower u, the received signal at the lead after the
hybrid beamformer is the superposition of the desired signal,
interference from other UAVs, and combined noise [30], [31]:

H H
Tut = £5 0 F P Hu,t WP tSut

desired signal

U
H H H wH
+ 15 ... Fpy E H,wpitsit + 5 ,,Fpm, (3)
——_— —

i=1,i%u ~—
combined noise

interference
where s,; € C is the pilot signal satisfying |s,:|> = 1
and E[s,;s;,] = 0, n, € CV*' is an N-dimensional

circularly symmetric complex Gaussian (CSCG) random noise
vector with mean Oxn«; and covariance matrix 01211 N, 1.e.,

3We assume that all the UAVs are equipped with a hybrid beamforming
architecture since the leading UAV may change over time. The lead is
randomly selected from U + 1 UAVs at the beginning.

4Essentially, these two codebooks are the same, i.e., W = F. We specify
the beamforming problem in terms of two different notations of codebooks
for generality.



n; ~ CN(Onx1,021n), and f5 .+ € CU*1 is the u'™ column
of F Bit-

The link between the lead and follower w is modeled as a
line-of-sight (LoS) path. According to the relative position and
orientation between the transmitter and receiver, the MIMO
channel matrix can be determined by the complex path gain
pu € C and the outer product of two array response vectors
asu:t € CV! and ap,: € CV*!, which are functions
of AoA and AoD [15], [35]. Thus, the channel matrix is
expressed by

H
Hu,t = Pu " AA u,t aD,u,t' (4)

In a manner similar to the steering vector in (1), the array
response vectors can be represented by the Kronecker product
of the array response vectors in z- and y-direction. Take ap 4
as an example:

aput = ap,X,ut @ aD.y,u,t, (5)

and the entries of ap x .+ and ap vy, are given by

exp (712" cos(@dD,u¢) SIN(0p,u,t) (Ne — l)Ad)

0

a u,t|ng — ’
[ap,x,u,t] NI

exp (%{2)” SIn(¢p,u,t) Sin(0p,u,t)(ny — 1)Ad)
[aD,Y,u,t]ny = \/N_y 5

(6)

where the random variables ¢p , . and 0p .+ stand for the
azimuth and elevation angles of departure at time . Given the
azimuth and elevation angles of arrival (denoted by ¢4 4,
04 ,u,t), the array response vector at the receiver (i.e., a4 q,+)
has a similar form as (5).

To model a highly dynamic environment for the angles
under an observed LoS path, a Gaussian random walk is used
to generate the time-varying angles ¢4 v ¢, 04 u.ts @D u.t, and
0p . For instance, the azimuth angle of arrival ¢4, ¢ can
be defined by

t
GAut = Pauw0+ D N, (7

i=1
where ¢ 4,0 ~ U(0,27) is a randomly selected initial angle
of ¢4, and follows a uniform distribution, and A; ~
N(0,0%) is the disturbance (or white noise) following a
normal distribution. The other three time-varying angles are

generated in a similar way.

III. PROBLEM STATEMENT

The goal of hybrid beamforming in the multi-UAV system is
to maximize the SINR (or system throughput) during the time
interval [0, 7). Meanwhile, after the combiner Fp ,Fp ,, the
variance of the combined noise signal is enforced to remain
constant, i.e.,

H
E [(f};{ P2y (8], FE ) } —o2vu,t,  (8)
which leads to a power constraint on the combiner as

fgu,thtFP,th,u,t =1 \VIU, t. )

Then, by introducing two sets Zr; and 7yy, that include
promising candidates for the analog beamforming matrices, we
seek Fp,, Fp, and W p, that together achieve the maximum
SINR and satisfy the power constraint from ¢ =0 to t =T"

T U

E max max S (10)

i FPt€lr e, Wri€lwy | Foe 2| Proy:+oz
H H

S.t. fB,u,tFP,tFP7th;u7t = 1 Vu, t,

where Ps,: and P, are the power of the desired and
interference signals given by

2
PS,u,t = |fgu7thtHu,tWP,u,t‘ 5 (11)
U
2
Prog= Y |t FpHiwpi| . (12)
i=1,iu

In the paper, we do not assume the channel state information
or any knowledge of AoAs/AoDs is known to the lead.
Instead, the required observations are the estimates of coupling
coefficients associated with a beam pair (f, 7+ Wn, ), Where
f, ; € Fand w,, € W. By correlating the received pilot
signals with the known transmitted ones, we can obtain such

observations given by’

Yut (g, )
U
* tH ~ fH ~ £H
= Sy fnf H, W, S+ fnf E H; w,,si:+ fnf n;
i=1,itu

received polit signal

U
H ~ * x pH
fnf E Hi,twnw Su,t5it + Su,tfnf ng
i=1,i%u

=H B
= fnf Hu7twnw +

2,

= £ Hy 1 Wo, + 2, (13)
coupling coefficient

where z; denotes the superposition of the combined interfer-

ence and noise, and we assume that it follows a complex

normal distribution, i.e., z; ~ CA(0,02).

Given the observations {y,, (1 s, n.w) Vu, t}, the strategy of
solving the problem (10) could be, first, using the observations
to find the sets Zr; and Zyy , that ideally consist of the optimal
analog beamforming matrices. However, due to the hardware
constraint on the analog beamformer, the beam probing is
time-consuming. When the channel is highly dynamic, the
observations acquired early may become unreliable. How to
use the observations to interact with the highly dynamic
environment during the beam probing becomes a crucial
problem. As a result, the idea of Q-learning algorithm [28]
is borrowed to find appropriate beams (i.e., the members of
27, and Zyy,) for time-varying channels. The concept of Q-
learning is to let the UAVs learn the optimal behavior directly
from the interaction with the environment. Once we determine
the candidate sets Zr; and 7yy ., the observations associated

5The notation of observation Yu,t(n 1 N ) is simplified from its formal ex-
pression given by yu t(ny = nyg(u,t) € {1,--- ,Nrp},nw = nw(u,t) €
{17 e 7NW})



Beam pair with the
maximum received power

Fig. 4. All the candidates for the beam pairs {(f,, F1Wny,) Vng,ny} are
represented by the grid map, where the red ones are trained during the initial
beam search. An example of the Q-learning-based beam selection is given in
Example 1. According to the updated Q-values, see Table I, it will converge
to beam pair (f3, W3) after few iterations.

with the members of 7z, and Zyy, are used to generate the
corresponding digital weights and the SINR measurement.

IV. ANALOG BEAM TRACKING USING Q-LEARNING

In this section, we introduce an analog beam tracking
algorithm for highly dynamic environments. Starting from a
single link between the lead and a follower, we adopt Q-
learning to deal with the beam tracking problem. The idea can
be easily extended to multiple links with additional constraints.

A. Beam Selection Using Q-Learning for One Link

To begin with, let us focus on the link between the lead
and follower w. That is, we seek the candidates for fp,, +
and wp, . When the codebook size is large, the efficient
way of beam tracking is to start from some specific directions
that cover the 3-D environment. This phase is called initial
beam search. For example, Fig. 4 shows NpNy = 6 X 6
candidates for the analog beam pair, where N and Ny are
the numbers of elements in codebooks F and VWV respectively.
In the example, the four beam pairs highlighted in red are
initially explored. To be formal, we define two sets that consist
of the beams used in the initial search by F7 = {f’l,ﬂ}
and Wz = {Wi, w4} and assume that both the lead and
follower have the same initial beam search pattern. After the
beam probing using these four beam pairs, the one having the
maximum received power will be selected as a starting point
of beam tracking in the next phase.

The beam tracking is conventionally implemented by
searching a better choice next to the currently used beam pair
[20], [36]. Both the initial beam search and beam tracking in
the above-mentioned work only explore the environment rather
than interact with the environment. The concept of “interaction
with the environment” can be viewed as a beam selection
algorithm that can explore uncharted territory and, meanwhile,
exploit the searching experience. Concerning a highly dynamic
environment, the exploration-exploitation balance becomes
more important to the beam tracking. The idea of Q-learning
is to let an agent (e.g., a UAV) learn to strike the balance
between exploration and exploitation.

TABLE I
THE Q-VALUES ARE UPDATED ACCORDING TO THE STATES AND ACTIONS
GIVEN IN EXAMPLE 1 AND FIG. 4. HERE WE LET THE Q-VALUES BE
UPDATED BY EITHER O OR 1 FOR SIMPLICITY.

Time (¢) | Episode ( Nzte:p 1) Sgltte F Aftlorl_)At =
0 0 F,wi) |[1]0] 0] o0
1 0 1 (Fi,w2) |0 0] 1] 0
2 2 (Fo,w2) |0 0] 1 |0
3 3 (Fs,w2) | 1]0] 0] 0
4 0 (F,wa) 0] 0] 110
5 | 1 (Fo,wa) O] 1] 0] 0
6 2 (fa,ws) |0 ] 1] 0] 0
7 3 (Fo,w2) |0 0] 2 ] 0

In Q-learning, the experience is recorded in a Q-learning
table (or Q-table), see Table I, which is updated according
to the current measurements. The Q-table is constructed ac-
cording to three components: states, actions, and state-action
values (also known as Q-values). Before the learning begins,
the state-action values in the Q-table are initialized to zero.
In a state S; at time ¢, the UAV always implements the
following four steps: select an action A; from the action set
A = {up, down, right, left}, go to the next state Sy 1, observe
a reward %11, and update the Q-value, given by [28, Ch. 6]

Q(St, At) + (1—a)Q(S, Ar)+a| Re1 + v max Q(Se41, a)
~———— acA

old value
new information

(14)
where 0 < a < 1 is the learning rate (or step size), 0 < v < 1
is the discount factor determining the importance of future
rewards. The Q-value update can be described as a weighted
average between the old value and new information.

The reward can be regarded as the feedback from the en-
vironment given an action. In terms of maximizing the SINR,
the reward is supposed to be a function of SINR. Nevertheless,
we only have the coupling coefficients as measurements which
suffer from noise and interference. We therefore define the
reward function as follows. According to the received power
of the coupling coefficients corresponding to the trained beam
pairs at time ¢ and ¢ + 1, the reward is defined, in terms of
thresholds, by functions of the received power

. ” n'sn’ 2
. ” n',ny,
otherwise

> Cy
‘2

R =40, (15)

_1,

< ¢y

where (n',n;,) is the beam index pair used at time ¢ + 1. Due
to the noise and interference, the observations, ¥, ¢+1 (n}, n',)
and y, (ny,ny), may be unreliable for determining the
reward. To reduce the uncertainty, we define a lower threshold
¢; and an upper threshold c,,. If the ratio of |yu_’t+1(n}, nl)?
t0 |yu,t(ng,ny)|? is between ¢; and c,, the measurement is
treated as ambiguity so that the reward is equal to zero. A
more detailed discussion about the upper and lower thresholds
is provided in Appendix A.



To elaborate the Q-learning-based beam selection, let us
take an example by Fig. 4 and Table I.

Example 1. When starting from a state Sy =
(fi,w1), one of the neighboring beam pairs
{(fl, \X/’Q), (fl, V~VG), (fQ, ﬁ/l), (f67 V~V1)} will be explored

by choosing an action from A according to the state-action
values, i.e., maxq,e4 Q(Sp,a). Since all the Q-values at Sy
are initialized to zero, an action will be selected randomly
(or according to some predefined criteria). We assume that
the action “up” is selected so that the next state becomes
S, = (f‘l,v~v2). The corresponding reward and Q-value
Q(Sp, Ag = up) will be updated accordingly, see Table I.
In the example, we simply let the Q-values be updated by
either 0 or 1, where a value of 1 implies that the agent
chooses the action and gets a positive reward. In Q-learning,
a sequence of Ng = 4 time slots (also called steps) is defined
as an episode. Each episode starts from a state, which could
be pre-defined or determined by the received power. Fig.
4 shows that the initial beam search needs in total four
episodes with starting states at (f1,Ww1), (fi,wy4), (f1, w1),
and (f'4, w4) respectively. In each episode, the beam probing
takes Ng time slots to update the Q-values. When finishing
the first episode, the agent starts the next episode using beam
pair (f;,wy). With a sufficiently large number of significant
Q-values, Q-learning will converge to the beam pair (f5, W3)
corresponding to the maximum received power. O

After the initial beam search, some beam pairs have been
explored and the beam tracking will start from the beam pair
with the maximum received power during the initial beam
search, which is denoted by Sy;p (i.e., the state or beam pair
with respect to the maximum power).

According to the updated Q-values, an agent exploits what
it has already experienced in order to obtain a positive reward,
but it also has to explore the uncharted or changed environment
to see if it can make better action selections in the future.
One of the challenges in reinforcement learning is the trade-
off between the exploration and exploitation. By introducing a
parameter 0 < € < 1, an e-greedy action is obtained to better
balance the exploration and exploitation:

A {argmaxaeA Q(St,a), with prob. 1 —¢
t =

(16)

a random action, with prob.

The agent chooses the action as it believes that the action
yields the best long-term effect with probability 1 — . Or the
agent chooses an action uniformly at random with probability
E.

The pseudocode of the Q-learning-based beam tracking al-
gorithm is shown in Algorithm 1, which includes two phases:
the initial beam search and beam tracking. The difference
between these two phases is the decision of the starting state
of each episode. During the initial beam search, the starting
state is selected from the pre-defined sets Fz and Wz. In
Example 1, F7 = {f’l,ﬂ} and Wz = {w1, Wy }. During the
beam tracking, the starting state is selected according to the
maximum received power. Moreover, the selected beam pair
at time ¢ is denoted by (fpyuﬂt,\i/]{u_’t). We assume that the

Algorithm 1 Q-learning beam tracking for a single link.

Input: Observations {y, (s, ny),t =0,--- T}
Output: Selected beam pairs {(f'p_’uyt, Wpyut)t=0,---,T}
1: Initialize Q-table
2:1t=0
3: for i = 1 : number of episodes
4 if initial beam search _
5 Sy e {(fn;, Wn,) | £, € Fz, Wy, € Wr}
6: else if beam tracking
7
8
9

Sy = Sup
end if
: for j =1 :number Ng of steps
10: choose A; and go to Sii1 = (fput+1, WP t+1)
11: obtain I?;;; according to observations
12: update Q(Sy, At)
13: update Sjsp according to observations
14: t=1t+1

15:  end step
16: end episode

analog beam pairs are determined at the UAV lead, and time
division duplex (TDD) technique that separates the transmit
and receive signals in the time domain can be used to inform
the followers to update their beams.

B. Overhead Reduction Using Offfine Q-Learning

In Algorithm 1, the observations are available at each
time slot ¢. This implies that the beam switching and pilot
transmission/reception are executed in every time slot, which
is not a well-designed manner in the sense of system efficiency.
To reduce the overhead, we reserve all observations so that the
Q-learning can execute offline. When using past observations
to obtain the rewards and update the Q-values, we name the
Q-learning algorithm offline Q-learning. Otherwise, it is called
online Q-learning.

For the offline Q-learning, only the observations associated
with large received power have to be updated regularly.
Therefore, at the end of each episode, the beam pairs with
respect to the maximum received power (i.e., Syp) Will be
chosen and employed at the beginning of each episode in order
to update the corresponding observations. For other steps in
an episode, the pilot transmission and beam switching are not
necessary unless a specific state has not been explored.

C. Beam Selection Using Q-Learning for Multiple Links

The idea of Q-learning-based beam tracking for one link
can be easily extended to the case of multiple links, similar to
multi-agent systems [37], [38]. For multi-UAV beam probing,
the lead receives the observations from different followers
simultaneously in an SDMA manner. In this case, the members
of F at the lead UAV’s side should not be selected repeatedly.
As a result, the action set in (16) has to be updated in real
time.

In each beam probing, which could be in the stage of initial
beam search or beam tracking, the Q-learning-based beam
selection starts from a follower corresponding to the maximum



received power at the moment. We further define a set A’ that
includes the actions which will make different followers go to
the same states. Thus, the action selection given in (16) can
be reformulated as

A, - ] arsmaXae q\ Q(St, a),
randomly selected from A\.A', with prob. ¢

with prob. 1 — ¢

(17)
After making the decision about the next state for a follower,
the lead has to update A" accordingly.

V. DIGITAL BEAMFORMING

In the previous section, we use Q-learning to find the
members of sets Zx, and Zyy,in the problem (10). However,
the selected beam pairs may not be the optimal solution
to the problem for the reasons that (i) Q-learning usually
only provides a good enough solution® and (ii) the digital
beamformer weights are not taken into account during the
procedure of analog beam selection. In the sense of hybrid
beamforming, a better solution should be the one whose linear
combination with the digital weights leading to the maximum
SINR. This issue can be solved by keeping more than one
promising members with large received power in Zx, and
Ty [17]. We use Example 2 to explain the idea.

Example 2. Two selected beam pairs with large received
power for each follower are collected in the following two
sets:

{[Er1.Epo. Ep3), [fr1, Ep 5, Epa]}

and
{[Wp1,Wp1,Wpal,[Wpa2, Wp3, Wpal}.

Given these two sets, we can generate all the members of Zx
and Zyy,, given by

Iy, = {[fp,l, f'13,27 f’19,3], [fP,la f'13,27 f’19,4]7 [f'P,h E’19,3, f'13,4]}
—_———

the 1 candiate
for Fp

which has a cardinality of 3 because the members of F at lead
UAV should not be selected repeatedly, and the other set can
be represented by

Twi =A{[Wp1,Wp1,Wpa|,[Wp1,Wp1,Wp4], -,

the 1% candiate
for Wp

[Wp2,Wp3, Wpal}

which has a cardinality of 8. In this example, given the above
27, and Zyy,, we have to evaluate a total of 24 combinations
with their digital weights to maximize the SINR. (|

The above-mentioned idea is different from the work rep-
resented in [25] that keeps candidates in subspace. In our
opinion, the better solution is supposed to keep candidates with
large received power because the idea in [25] only takes into
account the main lobes of analog beams, while the proposed
method considers both the main and side lobes.

6Q-learning uses experience to solve a prediction problem, which can be
viewed as a Monte Carlo method.

A. Digital Weight Optimization
To simplify the following descriptions of digital beamform-

ing, we assume that Zr; and 7y, only include one member
respectively, i.e.,

Iy, = {];-‘P,t = [fP,l,ta e ,fP,U,t]}

Iwy = (Wpi=[Wpit - Wpod). (18)

In the numerical results, we will provide more discussion
about the idea. Given F p,¢ and W p,t> the hybrid beamforming
problem (10) becomes a digital beamforming problem subject
to the power constraint, which can be formulate as

U A
PS.,u,t
max —
o1 BBt Prog + o3 (19)
H +HH §
st. f5 ., Fp, Fpifput=1Vu
where ¢ = 1, ,T. The signal and interference power are
subject to the selected analog beams
. N A )
PS,u,t B Ps’u’t‘FP,t:FP,t,WP,t:WP,t’ (20)
A N ) )
PI,u,t = PI7u)t‘prt:prt,Wpyt:WP,t' 2D

To satisfy the power constraint on the combiner, one can
define U unit vectors {xy | |[Xull, = 1,u = 1,---,U} that
obey the relation [17]

fB)uﬂg = (thf“p)t)_OﬁXu. (22)

Upon replacing fg ,, ¢ with (thﬁ‘pﬂt)iobxu in the problem,
the received signal and interference power can be written by

Pguy =[x (FR Fp,) "°F8 H, Wpu | (23)

N u N N ~ 2

Prug= > |xIFFFp) "FE HiWp,i| . (24)
i=1,i7#u

Then, we can find that the problem (19) is equivalent to
seeking vectors xj,--- , Xy that maximize the SINR for U
followers. As a result, the maximization problem (19) can be
reformulated as

(25)

B. SINR Approximation Using Coupling Coefficients

In (23) and (24), the couplings of the channel and analog
beams, such as Ff:{tHu,t‘?VP,u,t and thHi_’tVAVp_’iyt, can be
viewed as effective channel vectors. Since the observations,
given in (13), are the coupling of the channel and one analog
beam pair, we can use them to construct the estimates of
effective channel vectors, defined by

. - .
hg .= FP)tHu,tWP,u,t + 2¢

fgl,tHu,tWP,u,t + 2
= : ; (26)

- -
fp v HutWput + 2

The entries of lAlEyuyt can be
obtained from {yu, t(n s, nw) Vu}



and

hpi.=F5H wWp,,+ 2, 7)
where the entries of h Et can be obtained from
{Yu,t(ny, ) Yu} as well. The collected observatlons suffice
to generate the estimates of PS u,t and PI bt a represented
by

5 o~ | H/H T —0.57,
Psup = |x, (Fp,Fpi) "hpau.
_ JH(H T —0.57, " H AH T —0.5
=Xy (FP,tFP,t) hE7u,thE,u,t(FP,tFP7t) Xu
LA,
H
=X, Ay Xy (28)
and
Pf,u,t + Ui
U
N H pnH £ —0.57, 2 2
~ Z Xu (FP,tFP,t) hg it + o,
i=1,iFu
U
=xf ( S (FEFpy) *Chpadhp (F]Fp) 00 + UfJU) Xu
i=1,i%u
LBy ¢
=xI/ By ixy (29)

Using (28) and (29), the SINR for follower u conditional
on Wp,; = Wpt and Fp,; = Fpt can be approximated by
the following equation

PS,u,t
PI,u,t + 0'721

H
Xy Ay ixy

(30)

xHB, 1%y

Using the property that B, is a positive definite matrix, the
optimal solution of x,, that attains the maximum SINR can be
stated as follows (also see Appendix B):
N xﬁl Ay xy,
X, = arg max ————
X Xu Bu tXu
-0.5 B 05 -0.5
Bu t emdx( Au tB )

= HB;? 5em&x(B—O 5Au tB_05 qu

€1y

where e (B, B ¢ 5Au tB_O 5) is the eigenvector of
B;_gﬁAu_,tBu_’t correspondlng to the maximum eigenvalue.
In the same manner, given A, ; and B, for all u, we have
the optimal solution of x,,, w =1,---,U. The corresponding
estimated digital beamformer weights are therefore given by

FB,t = [fB,Lt, ce ,fB,U,t]

= (ﬁ‘gtﬁpi)_o'ﬂva T 7X?J]' (32)

The digital weights represented in (32) are derived from the
constraint that the variance of the combined noise signal is still
AWGN. When concerning F 5 ; acting as part of the precoder
for data transmission (i.e., sending signals from the lead to
followers), the power constraint could be ||[FpFp ||lr = U

[30], which leads to zero-forcing (ZF) digital beamforming.
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Fig. 5. An typical example of the received SNR using the Q-learning-based
and gradient-based beam tracking methods for one link (U = 1) with o} =
16. In this example, we assume fixed elevation angles 04 ¢ = Op u,t =
15°V¢. Compared with the gradient-based method, the Q-learning-based beam
tracking is robust to the large variance of angle.

VI. SIMULATION RESULTS

In this section, we numerically illustrate the multi-UAV
beamforming performance in highly dynamic environments,
while each result at a time slot averages 1000 trials. The
system parameters in the simulations are listed as follows.

o The lead connects to U = 3 followers using SDMA at the
same time and same frequency. The number of antennas
N =16 (4x4), and the SINR = 20 dB in the simulations
for each follower is given by |p;2\ , where |p,|? is the
average receive power for follower u and YU lpul? = 1.

o In the codebooks, the candldates for a21muth angles ¢y,
and ¢y, are {15° +n-30°}LL . and the candidates for
elevation angles 0,,, and 0, are {15° +n-30°}2_.

o The Q-learning parameters include the learning rate o=
0.5, discount factor v = 0.5, probability of e-greedy
action ¢ = 0.1, upper threshold ¢, = 1.1, and lower
threshold ¢; = 0.9.

o The random walk channel model has normally distributed
disturbance \; ~ N (0,0%), where o3 = 4, 16.

According to the number of all potential steering angles, the
size of codebook F at the lead should be 36. To alleviate the
loading at the lead and speed up the convergence and learning
rate, we group the followers into three zones in elevation
angle (i.e., 0° — 30°, 30° — 60°, and 60° — 90°), and each
zone has three followers. Due to the space limitation, we only
show the simulation results with three followers in the zone
of elevation angle between 0° and 30°, and the codebook size
of 7 becomes Nrp = 12, where the 12 candidates all have the
same elevation angle 6,,, = 15°.

A. Q-Learning and Gradient-Based Beam Tracking Methods

The first numerical result of the beam tracking in Fig. 5
is described by an example of the performance comparison of
the proposed Q-learning and reference gradient-based tracking
methods [20]. We use one realization of the time-varying AoA
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Fig. 6. Time frame defined by the episode and step. In the Q-learning-based beam tracking, we can use offline Q-learning in some steps for the purpose of

overhead reduction (introduced in Subsections VI-B and VI-C).
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Fig. 7. Sum of the received power from U = 3 followers to noise ratio
using the proposed Q-learning and reference gradient-based beam tracking
methods with the variance of AoAs and AoDs crf\ = 4,16. Compared with
the gradient-based method, the Q-learning-based beam tracking can provide
stable link quality over time.

and AoD with o3 = 16 to explain the difference between these
two methods.

At the beginning, both methods implement the initial beam
search in the first 30 episodes or time slots”, where the time
frame is sketched in Fig. 6. In the time frame, we assume
that each episode includes 4 steps so that the gradient-based
approach can evaluate the 4 neighboring beam pairs in an
episode during the beam tracking. The gradient-based method
uses 30 time slots to implement the initial beam search, while
Q-learning method uses 30 episodes to implement the initial
beam search and update the Q-values at each step. After the
initial beam search, the beam tracking starts from Episode
30 with the state corresponding to the maximum received
power obtained during the previous 30 episodes. The Q-
learning method during the beam tracking may adopt online
or offline Q-learning. To fairly compare with the reference
method which gets the latest observations at each time slot,

7The 30 beam pairs for the initial beam search are uniformly chosen from
a total of Np X Ny = 12 x 36 = 432 potential beam pairs.

we use online Q-learning for all the steps in each episode to
evaluate the proposed method in Fig. 5.

In Fig. 5, from Episode 30 to 80, the Q-learning-based
beam tracking explored the range of AoA within [60°,120°]
and the range of AoD within [90°,170°] using the beams
steering to (bnf = 75°, 105° and ¢,, = 105°,135°,165°,
respectively.® Q-learning records all the experience acquired
during this time in the Q-table so that the agent uses current
observations and the experience to predict the next beam pair.
In such a way, it can stably track the appropriate beams. After
Episode 80, there are probably not many data corresponding
to the beam pairs with ¢,,, = 135°,165° or ¢,,,, = 45°,75°;
therefore, it needs some time to update the Q-values as
reference in the future. Next, let us look at the performance of
the reference gradient-based scheme. The delimma of gradient-
based scheme is that it may get trapped into a local optimum
and could only get out from it when AoA or AoD changes
significantly. Q-learning method also finds the local optimal
solution sometimes, but appropriate e-greedy random actions
can solve this problem. Moreover, compared with the gradient-
based method, Q-learning has a global map (i.e., the Q-table),
which provides useful information for beam tracking.

The performance comparison of the proposed and reference
methods that support U = 3 followers simultaneously is
shown in Fig. 7, where the received power is captured at
the end of each episode as described in Fig. 6. Compared
with the gradient-based method, the Q-learning-based scheme
works stable over time, even when the variance a?\ of AoAs
and AoDs is large. In terms of high-resilience demand for
the multi-UAV system, the numerical results of the proposed
method show that balancing the exploration and exploitation
can outperform the one using exploration only. Although Q-
learning needs some space and efforts to record the experience
in the Q-table, it makes actions depending on not only current
observations but also the experience and rewards so that
the performance is not completely dominated by the current
observations, while the gradient-based method totally relies on
them.

8The beamwidth is around 30°; ideally the beam switching occurs when
AoA/AoD changes at 30°,60°, - ,180° in Fig. 5.
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Fig. 9. Reduced overhead of pilot transmission using the online/offline Q-
learning-based beam tracking with cri = 4, 16. In an episode, the first step is
always used for pilot transmission so that the upper bound is 75%, while the
other three steps may or may not be used for pilot transmission, depending
on whether the corresponding states are explored or not.

B. Resilience and Efficiency of Offline Q-learning-Based
Beam Tracking

In the previous subsection, we use online Q-learning to
implement the beam tracking at all the steps in each episode
in order to compare with the reference method. From the
results shown in Fig. 7, we observe that online Q-learning
provides stable link quality that can meet the high-resilience
requirement for highly dynamic multi-UAV environments, but
it also means that all the resources are used as pilot signals.
From the perspective of system efficiency, it is inefficient
design. Essentially, the trade-off between system efficiency
and resilience has to be considered together. As a result,
we introduce offline Q-learning that uses past observations to
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Fig. 10. Achievable SINR that uses equal gain or optimal weights to combine
U = 3 analog beam pairs with O’i = 4,16. With and without the optimal
digital weights, the difference in received SINR is 6.5 dB. With more than
one candidate for the analog beam pairs, the received SINR can be further
improved by at least 2 dB.

implement the beam tracking.

At the first step in each episode during the beam tracking,
we let the followers transmit the pilot signals using the selected
beam pairs, determined in the previous episodes, to update the
observations. Therefore, the first step always adopts online Q-
learning. In the rest three steps, the next state S;11 (decided
by Q-learning) may or may not be explored in the previous
episodes. If the state was not explored, the agent still adopts
online Q-learning in order to get the corresponding reward as
well as Q-value. Instead, if the state was explored, Q-learning
can use past observations to implement the beam tracking,
which is offline Q-learning. However, we are not sure whether
the next states in the rest three steps were explored. Therefore,
the agent may adopt online or offline Q-learning, i.e., the case
online/offline Q-learning in Figs. 6 and 8. In such a design,
the upper bound of the reduced overhead of pilot transmission
is 75%, see Fig. 9, since one of the four steps in an episode
is dedicated to pilot transmission.

Figs. 8 and 9 show the comparison of the online and
online/offline Q-learning-based beam tracking methods. The
simulations results provide some interesting insights. After a
certain time of exploration, the overhead of pilot transmission
could be reduced up to 72% without any loss of performance.
This implies that the experience stored in the Q-table provides
enough information to solve the prediction problem, which is
an advantage of machine learning.

C. SINR Maximization Using Digital Weights

We use SDMA to support multi-UAV communications at
the price of spatial-domain interference. The goal of the digital
beamforming is to minimize the interference plus noise given
the selected analog beams. The performance is shown in Fig.
10, where the received SINR is obtained using F Pits W Pit»
and F B.t-



First, the curves equal gain combination do not take into
account more than one candidate for the analog beam pairs
(i.e., both 7z, and 7y, have only one member respectively),
and we let the digital beamforming equal to the U x U identity
matrix (i.e., let F B,t = Iy). Without trying to minimize the
interference, the achievable SINR is only around 4 dB. When
we design the digital weights to minimize the interference plus
noise, see curves w/o more candidates, the SINR gain can be
increased by around 6.5 dB. If we keep more candidates for
the analog beams after the beam selection at the end of each
episode (see Example 2), the SINR can be further improved.
In curves w/ more candidates, reserving two candidates for
each beam pair after the beam selection can have 2 dB gain
in SINR. The reason is that the selected analog beams based on
the received power do not ensure that the hybrid beamforming
achieves the maximization SINR, even with the corresponding
optimal digital weights.

Comparing the curves with low and high changes of the
angle variables corresponding to low and high speeds of the
UAVs in Fig. 10, we can see that the maximum difference
in SINR is less than 0.5 dB. It shows that the proposed Q-
learning-based hybrid beamforming is quite robust to the large
variance of AoAs and AoDs.

VII. CONCLUSION

This paper solved a highly dynamic multi-UAV hybrid
beamforming problem that is usually characterized by a high-
resilience constraint. To meet the constraint, we apply Q-
learning method to mmWave hybrid beamforming systems.
Moreover, in a dynamic environment, how to efficiently obtain
and use the observations matters to the beamforming perfor-
mance. In the proposed analog beam tracking approach, we
use current and past observations together with the designed
rewards to solve the prediction problem. The numerical results
show that the proposed method significantly increases the effi-
ciency of data transmission and beam switching. To optimally
combine the analog beams in a manner of SINR maximization,
we present the solution of digital weights using the coupling
coefficients given the selected beams. The solution can be
simply extended to the case with more candidates for analog
beams to further improve the received SINR.

APPENDIX A
DESIGN OF UPPER AND LOWER THRESHOLDS (¢, ¢;)

In the observation equation (13), given a channel matrix,
the estimate of the power of signal y,.(ns,n,) can be
represented by
2 =

ZH N
fnf Hu7twnw + Zt

2
|yu,t(nf7nw)| ‘

~ 2
fyg Hu,twnw + ey (nun nj) + Ca (33)

where |f',{1; H, Wy, |? is a constant based on the given channel
state, and the other two terms are given as follows. First,
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Fig. 11. The probabilities that the estimate of X is greater than the upper
threshold c¢,,. Increasing the value of the upper threshold ¢, can reduce the
probability that the agent get a fail reward at SINR = 20 dB.

€u(nw,ny) follows a normal distribution with mean zero and
variance 2072 |f," H, (W, |* given by
Eu (nwv ny )

— 2% (ngu,tva) RN (2) +27 (ngu,tmw) 3 (2)

)

and (¢ follows a gamma distribution with shape parameter 1
and scale parameter o2

~N (0,203 5 = (34)

C=R(2)"+T(2) ~T(1,02). (35)

Due to the fact that it is not able to obtain a closed-form
expression for the density function of &, (ny,ns) + ¢, we
use a Monte Carlo method to find appropriate upper and
lower thresholds. First, let us define the ratio of the power
of coupling coefficients at time ¢ 4+ 1 and ¢ by

|f‘5 Hu,tJrlwn’ |2
X=— o (36)
|f§;Hu,tv~vnw|2

where (n';,n;,) is the beam index pair used at time ¢ + 1. In
addition, the ratio of the received power at time £+ 1 and ¢ is
given by

e (0, mi,)1?

Y =
|yu,t (nf’ nw)|2
|f7{j’; Ho t41Wn, 2+ eu(nyy, n/f) +G
_ : . 6D
|f£§ H, Wy, |2 + Eu(nwa nf) + (2
where (; and (o follow the same Gamma distribution

r (1, Uz).

When SINR = 50 dB, the noise variance o2 is pretty small
so that we have X ~ Y, and the reward from the environment
could be either positive (+1) or negative (—1). Therefore, it
is fine to let ¢, = ¢; = 1. Ideally, X < 1 should lead to a
negative reward, that is, Prob(Y > ¢, = 1) = 0, as shown in
the curve SINR = 50 dB in Fig. 11



In the case of SINR = 20 dB, the noise effect on the
received power becomes serious. If we still assume that ¢, = 1
at SINR = 20 dB, we can find that the probability that the
agent get a positive reward when X < 1 is greater than
0. For example, when X = 0.9, the probability that the
agent get a positive reward is Prob(Y > ¢, = 1) = 0.35.
The objective of the upper and lower thresholds are used to
limit the reward from the environment when the values of the
received power are unreliable. Increasing the value of ¢, can
effectively decrease this kind of error probability. However, it
does not make sense to let ¢, be very large because it will
make the reward equal to zero even when X > 1, which is not
beneficial for Q-learning. In the same manner, we can adjust
the value of the other threshold ¢; to reduce the probability of
getting the fail reward.

APPENDIX B
DERIVATION OF (31)

The objective function of the problem (31) is the generalized
Rayleigh quotient [39]. To convert the problem of maximizing
SINR to a simpler one of maximizing a normalized quadratic
form, we define a vector X, = Bg'_";’xu, which is equivalent
to X, = B;‘i"r’iu. Replacing x,, with B;g'5iu, the objective
function of the problem becomes

xIB, ) AuB, ) %,

(38)
1%l
To maximize (38) is equivalent to maximize the numerator.
Let x,, be the eigenvector of B, Au tB ® corresponding
to the maximum eigenvalue, the maximum Value of (38) is
therefore given by

~HB—O 5A th B
max = )\maX(Bu

Xu ||XUH2

Au tB_O 5)
(39)
%5A,.:BY

where )\m&x(B ) is the maximum eigenvalue of

B_O SA,, tB .As a result, we have the optimal solution
of x, subject to the constraint ||x, |, = 1:
0.5
o = But Fu
Y B R],

B B_g 5em&x( B0 5Au tB_O 5)
= HB;? 5em&x(B—O 5Au tB_05 H2u

7°ALBLY

(40)

where e, (B, %) is the dominant eigenvector of

Bu,t Au-,tBu,t
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