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Abstract—1In this letter, a beam tracking scheme based on
variable step beam (VSB) is proposed for millimeter wave
(mmWave) massive MIMO. Firstly, a design method for VSB
is proposed, where a small portion of the beam energy is taken
to track the movement of user equipment (UE) and the large
portion of the beam energy is used to keep the quality of current
mmWave communication link. Then based on the beam sweeping
using VSBs, the angle-of-departure (AoD) of the UE is estimated
by iteratively updating the posterior probability together with
the range prediction of the fading coefficient of the mmWave
channel, where the mainlobe of the VSBs is iteratively updated
by Gaussian process regression to cover the movement of the
UE. Simulation results verify the effectiveness of the proposed
scheme and show that it has larger achievable rate than the
existing schemes.

Index Terms— Angle-of-departure (AoD) estimation, beam
tracking, millimeter wave (mmWave) communications, step
beam.

I. INTRODUCTION

ILLIMETER wave (mmWave) communications can
provide high data rate wireless transmission by direc-

tional beamforming. But on the other side, the mobility of
the user equipment (UE) brings a big challenge for mmWave
mobile communications. To achieve beam alignment to the
mmWave massive MIMO channel between the transmitter
and the receiver, beam training is typically adopted, where
the basic method is the beam sweeping [1]. However, the
training overhead is not negligible for beam training. To benefit
from the channel coherence for the reduction of the training
overhead, beam tracking is adopted. Different from the beam
sweeping that makes a completely new probing of the spatial
region, the beam tracking only probes a small spatial region of
interest based on the previous information with low overhead.
The existing beam tracking methods for mmWave massive
MIMO can be divided into two categories, including classic
methods and machine learning (ML)-based methods. For the
first category, a low-overhead beam sweeping is used to probe
the neighborhood of the current beam, i.e., neighborhood
beam sweeping (NBS), where a variable-length frame structure
is employed for better adaption to the UE’s movement [2].
Similar to the motivation of Sub-6GHz MIMO channel track-
ing, Kalman filtering and particle filtering are used for beam
tracking for mmWave massive MIMO [3], [4]. For the second
category, a recurrent neural network with a modified cost
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function is used to track the angle of the mobile UE [5]. In [6]
and [7], the angle of the mobile UE is modeled as a stochastic
process, where Gaussian process regression (GPR) is adopted
to predict the angle of UE. Compared to [6], the update of
beam coverage is further considered to ensure that the beam
covers the movement of the UE [7].

In this letter, we propose a beam tracking scheme based
on variable step beam (VSB). Firstly, the design method for
VSB is proposed, where a small portion of the beam energy is
taken to track the UE’s movement and the large portion of the
beam energy is used to keep the quality of current mmWave
communication link. Then based on the beam sweeping using
VSBs, the angle-of-departure (AoD) of the UE is estimated
by iteratively updating the posterior probability together with
the range prediction of the fading coefficient of the mmWave
channel, where the mainlobe of the VSBs is iteratively updated
by GPR to cover the movement of the UE.

Notations: Symbols for vectors (lower case) and matrices
(upper case) are in boldface. ()", ()™, || and ||-||2 denote
the transpose, the conjugate transpose, the absolute value and
the lo-norm, respectively. [a],,, represents the mth element of
the vector a and [A],, , represents the entry located in the
mth row and nth column of the matrix A. CA(u, 0%) denotes
the complex Gaussian distribution with the mean being p and
the variance being 0. Symbol C and Z denote the sets of
complex-valued numbers and integers, respectively.

II. SYSTEM MODEL

We consider a mmWave massive MIMO system including
a base station (BS) and a single-antenna UE, where the BS
is equipped with a uniform linear array (ULA) composed of
Ngg antennas. According to the widely used Saleh-Valenzuela
channel model [8], the channel vector at the tth time slot
between the BS and the UE can be expressed as

Now 1O
B
h(t) =, /T(; 3 a(t)a? (Ns, (1)), teZ, (1)

where L(t), «;(t) and ¢;(t) denote the number of channel
paths, the complex-valued fading coefficient and the AoD of
the [th channel path, respectively. The channel steering vector
a(Ngs, ¢) as a function of Npg and ¢ is defined as

1
A
a(N BS» ¢) \/N7B8
where A denotes the signal wavelength, d denotes the distance
of two adjacent antenna elements of the ULA and ¢ is the
channel AoD. Typically we set d = A/2.

During the downlink signal transmission from the BS to the
UE, the received signal at the t¢th time slot is

y(t) = VPh(t)f(1)s(t) + n(t), 3)

o o T
1,€j¥ 7...7€]¥(NBS_1)¢:| , 2)
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Fig. 1. Tllustration of the variable step beam.

where P denotes the transmit power of the BS, s(t) with
|s(t)]> = 1 denotes the data symbol, f(t) € CVBs with
l£(#)3 = 1 denotes the beamforming vector of the BS and
n(t) «~ CN(0,07) denotes the additive white Gaussian noise
at the ¢th time slot.

The transmission signal is in unit of frames, where the
length of each frame is 7t and each frame contains Ly time
slots. Therefore, the length of each time slot is Ty = Tt/ Ls.
Each frame is consist of a beam sweeping unit or a beam
tracking unit and a data transmission unit. After finishing the
data transmission, the UE feeds back the received signal power
to the BS, i.e., reference signal receiving power (RSRP). If the
RSRP is under a predefined threshold, the beam sweeping
unit will be used; otherwise, the beam tracking unit will be
used. Note that different from the beam sweeping that makes
a completely new probing of the spatial region, the beam
tracking only probes a small spatial region of interest based
on the AoD of the previous frame with low overhead.

III. BEAM TRACKING BASED ON VSB
A. VSB Design

As shown in Fig. 1, we propose a VSB, where the mainlobe
of the VSB points at the UE for mmWave communications.
As a comparison, we also show the ideal rectangular beam that
can clearly indicate the mainlobe. Due to the UE’s mobility,
the UE may move from the center to the edge of the mainlobe.
Therefore, we need to use beam tracking to follow the UE’s
movement. To avoid the communication interruption, we do
not want to change the direction or the width of the current
beam. Instead, we may consider to change the beam gain of
the mainlobe of the beam. Note that the large-scale antenna
array offers a high degree of freedom for beam design, which
makes that the variable beam gain within the mainlobe can be
easily implemented. As shown in Fig. 1, the high mainlobe of
the VSB points at the spatial direction that the UE may move
in. Compared to the ideal rectangular beam, the VSB increases
the beam gain of high mainlobe by reducing the beam gain
of low mainlobe, where the power of the VSB is the same
as that of the ideal rectangular beam. In this way, we can
generate different VSBs that have different positions of high
mainlobe, and then use these VSBs to track the movement of
the UE.

We divide the mainlobe of the beam into S narrower spatial
regions, where each spatial region is covered by the high
mainlobe of a VSB. To fast generate these VSBs, we define
a codebook F = [fi, fo, ..., fs]. The beam gain of the sth
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VSB f, for s =1,2,...,5, can be expressed as

B B
Ola 96[754»00774»00]7
B
G(fa.0) 2 andﬂgé[ﬂhfgﬁ}nﬁr%], @
C 0 € bn— E On + E]
hs h 253 h 29 3
0, otherwise,

where B and 6. denote the width and the center angle of the
mainlobe, respectively, and 6}, = 0. — B/2 + (2s — 1)B/2S
is the center angle of the high mainlobe of the sth VSB.
Moreover, we define

Ci 2 \/2(1-4)/B, )
O 2 \/2(1++(5 —1))/B, ©)

where + is a factor to determine C| and C},. To maintain the
current link of mmWave communications, we need to set C)
enough large so that the communication quality of the UE is
guaranteed. As shown in Fig. 1, we give an example of a VSB
that is designed based on the schemes [9] with Ngg = 64,
S=4,s=1,0,=0, B=38/Npg and v = 0.15.

In fact, the motivation of the VSB is to take a small
portion of the energy of the beam to track the UE movement,
while the large portion of the energy of the beam is used
to keep the quality of current mmWave communication link.
The VSB will be mostly used by the scenario that the
communication quality is of satisfactory, considering that the
UE’s movement without effective beam tracking will lead to
severe communication interruption. Note that different from
the existing works that additional resource is needed for
beam tracking to maintain current communication link, the
VSB can maintain current communication link and perform
beam tracking simultaneously, which does not need additional
resource such as additional beam.

B. AoD Estimation

Based on F, the BS can perform the beam sweeping to
probe the spatial regions of the mainlobe by transmitting
S VSBs. Based on the results of beam sweeping, we can
determine the AoD of the UE by selecting 6}, of the VSB
resulting the largest RSRP, where the resolution of the AoD
estimation is B/S. Moreover, the difference of the beam gain
between the high mainlobe and the low mainlobe may not be
large enough to get satisfactory beam sweeping results with
highly differentiated RSRP.

Inspired by [10], we may use the channel model (1), the
noise distribution CA/(0,07) and beam sweeping based on
F, to estimate the AoD. Since the fading coefficient of the
non-LOS (NLOS) path is much weaker than that of the LOS
path [1], we consider the AoD estimation of the LOS path.
To simplify the notation, we redefine the fading coefficient
of the LOS path in (1) as a(t) = «;(t). Note that «(t) is
assumed to be a constant within each frame. We define n =
[t/L¢] to be the index of the frame, so that «(n) denotes
the fading coefficient of the LOS path of the nth frame, for
n=1,2,...,N, where N denotes the number of frames for
beam tracking.
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We quantize the AoD in [—1, 1], where the angle resolution
is set as 2/@Q with Q > Npgg. Then the set of the quantized
angles can be defined as © £ {6;,0s,.. .,0¢g}, where 6; e
-1+ (2¢—1)/Q for i = 1,2,...,Q. We denote ts as the
index of the time slot when f is used for beam sweeping,
i.e., f(ts) = fs. Given the received signals and the transmit
beams in the previous s time slots, the posterior probability at
the t4th time slot is defined as m(t,) € C%, whose ith element
is expressed as

[Tr(ts)]z £ IP((yb = 91|y(t1)a y(tQ)a v ay(ts)a
f(tl),f(t2)7.~.,f(t5)). (7

According to Bayes theorem, the posterior probability can be
updated as
ﬂ(ts zP s+1 (b_e'mf s 1)
(bl = D E W) Gerr)
Zq:1[7"(ts)]q ( (t s+1)‘¢ = 9q>,f( s+1))
®)
For simplicity, we can rewrite (3) as y(t) ~ «(n)g;(t) +
n(t), where g;(t) =2 \/PNgs/L(t)a" (Ngs, 0;) f(t). And the
conditional probability in (8) can expressed as

1 ORI RO
PUOIO=0050) = e 7F O
n

According to [10], an accurate estimate of the fading coef-
ficient &(n) is required to update the posterior probability.
However, for mmWave mobile communications, the fading
coefficient is difficult to be accurately estimated.

Different from [10], in this letter we do not rely on an
accurate estimate of the fading coefficient. Since «(n) and
7n(ts) are independent to each other, the conditional probability
in (9) can be derived as

P(y(t)|o = 0:, £(t))
~ / P (y(t) — (D)6 = 61, £(1)) By (n(t)) dn(t)

- _/_‘X’ Py (a(n)|6;, F(£)) Py (y(t) — a(n)gi(t)) da(n)
(10)
where
1 —l®oemem?
P, (y(t) — a(n)gi(t)) = Nor =3 (1)

Since the integration in (10) is difficult to be computed,
we resort to approximate the integration in (10) by quantizing
a(n). To represent the range of a(n), we denote the maximum
and the minimum of the real part of a(n) as ryax(n) and
Tmin (), respectively, and then quantize the real part of
a(n) into 0, equal intervals, where the mth interval can be
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denoted as

Pm (1) = rmin(n) + (M — 1) (rmax(n) — rmin(n)) /6, (12)
for m = 1,2,...,6;. Similarly, we denote the maximum and
the minimum of the imaginary part of a(n) as zmax(n) and
Zmin (1), respectively, and then quantize the imaginary part of
a(n) into d, equal intervals, where the kth interval can be
denoted as

2k(n) = zZmin(n) + (K — 1) (zmax(n) — zmin(n))/5z, (13)
for k = 1,2,...,d,. In fact, the integration on a(n) can
be divided into the separate integration on the real part of
a(n) and on the imaginary part of a(n), ie., da(n) =
dRe{a(n)}dIm{a(n)}. Then we can approximately compute
(10) and then substitute it into (8) to obtain (14), as shown at
the bottom of the page.

Since [m(ts41)]; in (14) is independent of a(n), in order to
estimate «(n), we define

[%(ts)]i7m,k = ]P)oz (Tm(n>7 Zk(n)‘e'u f(ts+l)> [Tr(ts)]z (15)
According to (14), the posterior probability is updated by

[?r(ts+1)]i,m,k

O [ Q
gD INED DD DY
P'n (y(ts-l-l) - (Tm(n) + jzk (n))gi (ts+1)) [;r(ts)]i,m,k
Py (y(terl) - (Tm’ (n) + jzr (n))gq’ (ts+1)) [%(tS)]q’,m”k"
(16)

To initialize the posterior probability in (15), we denote the
indices of the quantized lower bound and upper bound of the
mainlobe in O as 4; and 7, respectively. Then we can initialize
the posterior probability in (15) by

o)k = G5 S 60,
fori =i, 91+1,...,4,, m=1,2,...,6,and k = 1,2,...,0,.
Based on (15), the posterior probabilities of the estimation of
the AoD, the real part and imaginary part of fading coefficient
are expressed respectively as

: A7)

6 Oy
[Tr(ts)]L = Z Z[%(ts)]i,m,ka 1= 1727"'7Q7
m=1k=
a
[Q2(ts)]m = Z [7(ts))imp, m=1,2,...,0,
i=1 k=1
Q N
[A(tS)]k = Z Z [%(tS)]i.,m,kv k=1, 2,... 752~ (18)
i=1 m=1

After finishing SA iteratioqs, we can determine the AoD for
the nth frame by ¢(n) = ¢(ts), which will be used by the
next subsection. The indices of the estimated AoD, the real

[m(tsr)]s = Zér 1 Ziz 1 ( (tst1) — ( (n) + jz(n )9 (tst1 ) (rm(n),zk(n)wivf(ts+1))6r6Z[7T(tS)]i
Zm’ 1 Zk’ 1 Zq/_l ( (tsg1) — ( me (1) + 2k (n )g (tst1) )Pa (Tm’ (n)aZk’(n)|6q’»f(terl))ér(SZ[W(tS)}q’
_ Yoot Zonet Py (y(tss1) = (ron(n) + 52(1)) gi(ts41)) Pa (1 (n), 2 (10) 183, £ (ts41)) [ (£)]s
Z r=1 Zk/ 1 Zq/_l ( 8+1) ( /(n + J2k (n )g tst1 )Pa (Tm’ (n), Zk’(n)|9q’»f(ts+1)) [W(tS)]q’
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part and imaginary part of fading coefficient are expressed
respectively as

i =arg _max Q[ﬂ'(ts)]iv
5 [Q(tS)}ma

k= arg L max [A(ts).

—1945.4502

m = arg
19)

Therefore, based on (12) and (13), the estimated fading
coefficient for the nth frame is

a(n) = ra(n) + jz;(n). (20)
The estimated AoD for the ¢gth time slot is
b(ts) = 0. QD

Since a range of the fading coefficient «(n) is needed
for the quantization so that the integration can be approx-
imated by the summation in (10), we use the GPR model
for the prediction of the range of a(n). We define w(n) £
[Re{a(n)}, Im{a(n)}]T, where &(n) is an estimate of a(n).
We establish two data sets as

X(n) = [wn—M —1),w(n - M),...,wn —2)|T,

Y (n) = [wn— M), wn—-M+1),...,w(n — 1),

(22)
where M denotes the length of each data set. Based on the
data sets in (22), we can use the GPR model to predict the
range of a(n) as

7Amin(n) - [/le]l - 2[aw]17rmax(n) = [/le]l + 2[0-w]17

Zmin(1) = (w2 = 2[Ow]2, Zmax (1) = [Hw]2 + 2[ow]2,

where p,, and o, are the mean and standard deviation of
w(n), respectively.

C. Mainlobe Update for VSB

Similar to the range prediction of the fading coefficient
in the previous subsection, we can predict the range of the
AoD at the (n + 1)th frame by the GPR model to update the
mainlobe of the VSB. Suppose the predicted range of (;AS(nJr 1)
is [py — 204,y + 204], Where p14 and oy are the mean and
standard deviation of ¢(n+1), respectively. To ensure that the
mainlobe of the VSB covers the movement of the UE at the
nth frame while the mainlobe can be as narrow as possible,
we can update B and 6, respectively by

2 .
oy + 5 0(n) € [ug — 20, g + 204,
B = Nes ,
g — d(n)| + 204 + N otherwise.
BS
Hes P(n) € [y — 204, 1o + 204),
to + o(n) + 20 A
90 = %7 ¢(n) € [—17ILL¢ — 2J¢)7
Ko +¢(n) — 209

Pt 9(n) € (1o + 205,1)

(24)
Considering the estimation error, in (24) we add an

error-tolerant range of 1/Npg at both the left and the right
of the mainlobe of the VSB.
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The procedure of the proposed beam tracking scheme based
on VSB is summarized in Algorithm 1.

Algorithm 1 Beam Tracking Scheme Based on VSB
Input: B, 0., 6, §,, @, M and N.

1: for n =1 to N do

2:  if RSRP > threshold then

3: Establish two data sets via (22).

4 Predict the range of the fading coefficient via (23).

5: Quantize the predicted range via (12) and (13).
6: Update the VSB codebook F based on B and 6.
7.
8
9

Transmit VSBs in F to obtain y(t1),...,y(ts).
Compute 7(to) via (17).
: for s=1to S do

10: Update 7 (ts) via (16).

11: end for

12: Compute 7(tgs), Q(ts) and A(ts) via (18).

13: Determine &(n) via (20) and q@(ts) via (21).

14: Update B and 6. via (24).

15:  else

16: Switch to the beam sweeping unit.

17:  end if

18:  Start the data transmission.

19: end for

IV. SIMULATION RESULTS

Now we evaluate the performance of the proposed scheme.
The BS is equipped with Npg = 64 antennas in ULA, which
is positioned along the y-axis with the center at the origin. The
single-antenna UE is located at (,(0), y4(0)) = (5m, —20m)
at the initial time slot, and moves in a straight line in the
direction ¥ = 1.4708 with velocity v = 30m/s, where 9 is the
angle in unit of radian between the direction of velocity and
the z-axis. The AoD with time slot ¢ is expressed as

o(t) = sin (arctan (yu(t)/a:u(t))) (25)

where xy(t) = 2,(0) + vt cos 9 and yyu(t) = y,(0) + vtsind
denote the position of the UE.

We set Ty = 10ms, Ty = 1/16ms, Q = 512, 6, = 4, = 50,
M =10, v = 0.1 and S = 4. We model the time varying
fading coefficient as a first-order Markov process, i.e., a(n +
1) = pa(n) + ((n), where p is the correlation coefficient
and ((n) «~ CN(0,1 — p?). We set p = 0.995 and initialize
a(1l) «~ CN(0,1).

We will compare the following five beam tracking schemes:
1) The proposed VSB-based beam tracking scheme, where the
fading coefficient is unknown and needs to be predicted by the
GPR. 2) The proposed VSB-based beam tracking scheme if
the fading coefficient is ideally known. 3) The robust Kalman
filtering (RKF) scheme [3]. 4) The neighborhood beam sweep-
ing (NBS) scheme that performs a small-scale beam sweeping
only in the neighborhood of 0. as [0, — 3/Ngs, 6. + 3/Nps],
where the mainlobe width for beam sweeping is 2/Ngs. 5)
The GPR-based scheme, where the difference between this
scheme and the NBS scheme is that the neighborhood of 6.
in the latter is fixed but it is adaptively predicted by the GPR
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in the former. To show the upper bound for different beam
tracking schemes, the performance where the AoD is ideally
known is also provided.

Fig. 2 compares the received signal power of the UE in
terms of time for different schemes. It is seen that VSB with
either ideally known « or unknown « outperforms NBS and
GPR by achieving more stable received signal power without
severe signal power reduction. In particular, VSB with ideally
known « is better than that with unknown «, where we need to
predict the range of « based on GPR in our proposed scheme.
Due to the mobility of the UE, the UE may move outside
of the neighborhood of 6., which leads to the severe signal
power reduction for NBS and GPR. At some time points, NBS
or GPR can even outperform VSB, since both NBS and GPR
use narrower beam than VSB and can achieve larger beam
gain.

Fig. 3 compares the average achievable rate in terms of SNR
for different schemes. It is seen that VSB with either ideally
known « or unknown « can approach the upper bound as
SNR increases. When SNR is higher than 10dB, the achievable
rate of VSB with either ideally known « or unknown « can
reach 95% of the upper bound. At low SNR, e.g., 0dB or
even smaller, the AoD estimation based on iterative posterior
probability updating is affected by the noise, which results
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in a small gap between VSB with ideally known o and the
upper bound. Since the prediction of « is also affected by the
noise and will further affect the AoD estimation, there is a gap
between VSB with ideally known « and VSB with unknown a.
Since the neighborhood of 6, is adaptively predicted for GPR
but is fixed for NBS, GPR performs much better than NBS.
Moreover, both GPR and RKF outperform NBS, because that
the AoD prediction is employed by the former two but is not
employed by NBS. In particular, GPR is much better than
RKEF, since M frames are used for GPR but only one frame is
used by RKF for the AoD prediction, where GPR can achieve
better AoD prediction performance than RKF.

V. CONCLUSION

In this letter, a beam tracking scheme based on VSB has
been proposed for mmWave mobile communications. Based
on the beam sweeping using VSBs, UE’s AoD has been
estimated by iteratively updating the posterior probability
together with the range prediction of the fading coefficient
of the mmWave channel, where the mainlobe of the VSBs
is iteratively updated by GPR to cover the movement of
the UE. The future work will be continued by considering
the extension of this work to the reconfigurable intelligent
surface-assisted mmWave communications for high-precision
AoD estimation.
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