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Abstract. For the millimeter wave (mmWave) time-varying system,
beamforming poses a formidable challenge for huge power overhead. In
this paper, an adaptive step-size prediction joint orthogonal matching
pursuit (OMP) algorithm (ASP-OMP), is proposed for beam tracking.
With the direction of arrival (DOA) information obtained by OMP algo-
rithm, kalman filter is used to predict the beamforming vector during
N time slots to avoid huge sampling loss. In addition, we propose to
determine the prediction step-size with outlier identification and elim-
inate the beam tracking error through data fusion based on Bayesian
estimation. The simulation results demonstrate that the proposed algo-
rithm can converge quickly and have a good performance for mmWave
beam tracking.
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1 Introduction

In the 5th Generation mobile communication (5G) technology standard, 60 GHz
millimeter wave wireless communication technology has become a research
hotspot. Millimeter wave multi-input multi-output (MIMO) systems can provide
throughput for future communication systems to meet the expected requirements
of mobile data [1,2]. Aiming at reducing the huge path loss in millimeter wave
communication, beamforming technology is introduced in the IEEE 802.11ad
standard [3], which can improve the range and quality of the communication by
directionally enhancing signal and control the signal propagation direction.

In order to conduct adaptive beamforming, channel estimation is required
generally for that optimal singular value decomposition (SVD) beamforming.
Due to the beam training overhead, the compressive sensing (CS) theory is
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adopted for the channel estimation [4]. [5] proposed a novel compressed SNR-
and-channel estimation algorithm, which can significantly improve the estima-
tion performance over the scheme in IEEE 802.11ad with reducing the pilot
overhead of beam tracking. While these compression-based channel estimation
algorithms further reduce the overhead, it is still a huge challenge for multiple
estimations in the 60 GHz millimeter wave time-varying system.

The general solution is to use the uplink information to carry out DOA esti-
mation, indicating the direction of the user. The current research aims to reduce
the overhead and improve the estimation accuracy. The algorithm proposed in
[6] suggests that DOA can be determined by beam scanning and the fast beam
tracking can be realized through wide beam training and narrow beam align-
ment with the layered codebook and the antenna pattern [7-9]. However, this
algorithm can only enable one data stream and face the outdated risks. Aim-
ing at further improving spectral efficiency, [10] proposed to adopt the OMP
algorithm to estimate the AoAs and AoDs of multi-paths, which can be used
to construct the beamforming vector. Although this method can provide high
estimation accuracy and support multi-stream transmission, it has to face with
the unavoidable problem of high iteration complexity and sampling loss with the
OMP algorithm.

In this paper, the ASP-OMP algorithm is proposed to achieve the fast beam
tracking with the partial information of channel, which can meet the channel
time-varying characteristic. Compared to the previous works, the complexity
and validity of the proposed algorithm are both considered. Moreover, to carry
out beam tracking in time-varying channel, kalman filter is used to predict the
beamforming vector. For keeping the tracking accuracy of OMP algorithm and
reducing the tracking complexity and power loss, this paper sets the error thresh-
old through the outlier identification method, which can adaptively determine
the prediction step-size to achieve fast beam alignment. In addition, it is Bayesian
estimation that is used to eliminate the effect of outliers on the tracking accuracy.
The theoretical analysis and simulation results demonstrate that the proposed
algorithm can provide a close performance to the existing algorithms with low
complexity.

The remainder of paper is organized as follows. We first provide the pre-
liminary background and present the system model and problem formulation in
Sect. 2 and summarize the proposed tracking algorithm based on adaptive stride
prediction with kalman filter in Sect.3. Section4 presents simulation results.
Conclusions are presented in Sect. 5.

2 System Model

We consider a single user massive MIMO mmWave time-varying system, where
a base station (BS) is equipped with NN, antennas and a mobile station (MS)
is equipped with NN, antennas. For the initial beam alignment, a beamforming
scheme based on OMP algorithm is considered in [10]. The system model is
as illustrated in Fig. 1. In order to simplify the model, it is assumed that the
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transmitter uses an antenna array for beamforming and the receiver uses an
omnidirectional antenna. The downlink beamforming in 60 GHz millimeter wave
system is considered in this paper with the BS tracking the MS. The transmit
signal is expressed as s and the receive signal can be expressed as:
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—_—

Beamforming N . Beamforming
Outlier identification
and elimination
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Beamforming vector
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Beamforming vector |
estimate based on OMP |

Fig. 1. System model

y=hws+n (1)

where w is the beamforming vector with the constraint ||w| = 1. The additive
white Gaussian noise n is assumed to be i.i.d complex Gaussian with unit vari-
ance, i.e. n ~ CN (0,1). Due to the high path loss characteristics of millimeter
wave signals, millimeter wave channels are expected to exhibit limited spatial
scattering. Millimeter wave channel h can be expressed as:

L
B \/E > ()" (40 (2)

where L denotes the number of transmission path, «; represents the complex
gain of the l;;, path. 6; and ¢; denote the AoA and AoD of the l;;, path, respec-
tively. a, (6;) and a: (¢;) represent the receiver and transmitter array vector,
respectively.

Millimeter wave beam tracking is to determine the millimeter wave beam
direction between the BS and the MS to minimize energy loss and maximize
received signal to noise ratio (SNR). The number of transmitted data stream is
L. And the SNR of the i;;, data stream can be calculated by:

SNR; ! 1 ()

1
o2[(|hw|* + 021.,) ],

K2
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It is well known that the optimal beamforming matrix w maximizing SN R;
is determined by the SVD of the channel matrix h. It is Assumed that the SVD
of h bear the form below:

h =UuavH (4)

where U = [a, (1), 05 (¢2),- -+ ,ar (¢1)] denotes a unitary matrix with the
size of N, x L, Ais a L x L diagonal matrix. V = [ay (01), ¢ (02),- -, (01)]
denotes a N; X L unitary matrix. Each array propagation vector in V can be
expressed as:
_ i%
ay (0r) o [17 e

where d; is the antenna element spacing for the TX antenna array, and A is the
wavelength at the carrier frequency.

In order to track the channel change and reduce the energy loss, the adaptive
beamforming vector can be calculated by:

ds sin 6 2% (Ny—1)d; sin 0
esinbe 76]A( t—1)d; sin k} (5)

Wopt (1) = argmaz SNR;
=argﬂgﬂffﬁ[(llhwﬂz+031Ls)*1]z‘ (6)

= argmaz ||hw; |
w

When wg,e = Vi, |hw;||* reaches the maximal value theoretically and it
equals to A2. Thus, Wopt can be derived as:

Wopt (i) = arg max [
;

E (7)

= arg max ||hoy (6k)
Ozt(ek)

The millimeter-wave beam tracking problem is transformed into the problem
of determining the millimeter-wave transmitter array vector.

3 Beam Tracking Algorithm

According to the analysis above, it can be seen that the beam tracking only
need to predict beamforming vector maximizing SNR. We can consider that the
change of the DOA in the polar coordinates is in a linear state and we can
introduce the kalman filter method for beam tracking.

Beamforming vector can be calculated through Eq. (5) with the DOA infor-
mation obtained by OMP algorithm. The detailed steps of the OMP algorithm
is given in [10]. The beamforming complexity based on the OMP algorithm is
0] (Nt?’) for one iteration. To avoid a large number of matrix calculation involved
in the beam tracking process with OMP algorithm, this paper proposes to pre-
dict the beamforming vector of the time n + N by that of the time n. Thus, the
beamforming complexity of the proposed method is O (Nt?’ /N ) and the sampling
times are reduced by N times.
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Adaptive step-size prediction joint OMP algorithm: In order to reduce
the complexity of the beam tracking with small tracking error, the adaptive
step-size prediction joint OMP tracking algorithm is summarized as follows.
The beam direction is kept constant within the prediction step, which reduces
the complexity of beam tracking. For detail, the ASP-OMP algorithm can be
concluded in three steps.

Step 1: Initialize DOA estimation{f;} based OMP algorithm and construct
the beamforming vector w according to the Eq. (5);

Step 2: Adaptive step-size prediction based on multi-step kalman filter. The
heuristic algorithm is used to determine the predicted step-size, that is, by com-
paring the prediction error with the threshold §, the prediction step-size is deter-
mined to achieve fast millimeter beam alignment.

Step 3: Outliers elimination based on Bayesian estimation. Through the
fusion of the predicted beamforming vector and the measured beamforming vec-
tor, the effects of excessive prediction errors and measured errors are eliminated.

Prediction error threshold determination: The error threshold § can be
set up through outlier identification, the derivation is as follows.
Kalman filter measurement residuals is calculated as:

e, =2, — Hwn\n—N (8)

where w,|,_n is a IV; X 1 dimensional vector, representing the predicted beam-
forming vector. Z,, denotes a vector with the size of Ny x 1, which represents
the measured value, H is the observation matrix with the size of N; x N;. e,
obeys the Gauss random distribution with mean value of 0, its covariance is
expressed as:

E (en . enT)
=F (Zn — HWn|n_N) (Zn - HWn|n—N)T}

=F ‘Hwn"i'gn _Hwn|n7N’2}
=HP,,_yH"+R

9)

where g, is a N; x 1 dimensional vector, which represents the observation noise
vector, and R donates the variance of the observation noise. The outlier in adap-
tive step-size prediction process is discriminated according to the Eq. (9):

lensn] <7 - H\/diagi (HPM_N‘,LHT + R)H (10)

where 7 is the outlier identification coefficient. diag; (-) denotes the vector com-
posed of the diagonal elements about beamforming vector in the matrix.

If Eq. (10) is satisfied, then Z,, is the normal observation value. Otherwise,
it is assumed that Z,, is the outlier. The value of r is determined by the actual
channel. The error threshold can be set according to the method of the outlier
identification.
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Algorithm 1. ASP-OMP algorithm for beam tracking
1. Initialize the prediction step-size N = 1;

2. The possible azimuth set is established by discrete sampling: {0 };
3. Initialize DOA estimation based OMP algorithm : {6,};

4. Given F, H, Q,R, Pg;

5. Construct the beamforming vector according to the Eq. (5):w;
6. If ey <0 then

7. Update prediction step-size: N = N + 1;

8. Else

9. Update prediction step-size: N = 1;

10. End

11. For i< N

12 wyign = FIV/2w,,:

13. End

14. Outlier elimination and update the prediction value W, n|;

)

15. Update the measured residuals: e,y = HZnJrN —Hw, nn

P, v HT

16. Calculate kalman gain: Kn_;’_N = I—M—H%’

17. State correction: Wp N = Wy Njn + Knt N - €nyN;

18. Correct error covariance: P,y = (I — K,y - H) Pt Nin;

19. The azimuth set is established by discrete sampling: {63;};

20. Construct the beamforming vector matric Wy;

21. DOA estimation based OMP algorithm:{6;} = argmin |y — Ypz||,& =
(%) "y

22. Go to 5;

d=r- H\/diagi (HPM_N‘”HT + R) H (11)

Error judgment is based on beamforming vector obtained through OMP algo-
rithm in BS. By comparing the prediction error and the threshold, the prediction
step-size is determined adaptively.
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Outlier elimination based on Bayesian estimation: Since that the parame-
ters of the beam tracking algorithm are Gauss normal distribution, the predicted
beamforming vector wy,|,_y and the measured vector Z,, which are recorded
as x1, o, can be fused based on Bayesian estimation to predict the new beam-
forming vector to eliminate the influence of the excessive prediction errors and
measured errors.

P (521, 22)

P (331, Iz)

where p ~ N (uo,aoz) and zp ~ N (u,akz) .k = 1,2. For the adaptive step-
size prediction beam tracking algorithm proposed in this paper, the parameters

satisfy that po = Z i, 002 = Z ox2 and 042 = {Pnn Ny, k=1 We

P,, k=2’
assume that a = m, which is mdependent of the u. Equation (11) can be
rewritten as:

P (p|ry, 22) = (12)

P (p|zy,72) ,
2 2
= L 71 _1(z—p
“m@e’“’{ 2\ }kU p{ (75 )} (13)
. 2
2

v H Torar OXP {

The exponential part in (12) is a quadratic function of p, so Eq. (12) can be
rewritten as follows in the assumption that (p|z1, z2) ~ N (g, 0n?).

P (plzy,x2) = ﬁexp {_; (:u ;n'u”> } (14)

Equation (15) can be obtained in comparison of Eqgs. (12) and (13):

22 2
S L peo_
2+2_2

=1 Ok oo ON (15)
i BTy 4 ppo _ AN
b=1 Ok oo ON
The solution of the Eq. (15) is shown as:
ON = T L
1 1
P TR
2
I 1o
N = —
X oztor

x>
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—
q
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The Bayesian estimation of 1 can be calculated as:

2
l):(j)‘u\/ian exp{_é(ﬂofn) }du

= /"LN:

The predicted beamforming vector after eliminating outliers can be calcu-
lated as:

With the outlier recognition and elimination, we can set up reasonable pre-
diction step-size and eliminate the influence of the outlier in the beam tracking
process at the same time, solving the problem of the large prediction error caused
by the various types of sudden errors and avoiding the tracking divergence.

4 Simulation Results

Here we give some performance comparison with the simulation results of several
beam tracking algorithms, the simulation compared the proposed beam track-
ing algorithm with that in [7,10] in the millimeter wave channel. The tracking
performance of several algorithms is compared for 30 consecutive beam tracking
cycles in the case of Ny = 32 and N, = 32, user’s speed is 5m/s and the initial
distance between BS and MS is 50 m.

0.9 T T T T T
Q
08 : : — i
\ —V— Beam Switching
Q - B -OMP
0.7 \ : : —O— ASP-OMP 1

Angle error amplitude

0 5 10 15 20 25 30
prediction period

0.1 i i

Fig. 2. Beam tracking angle error amplitude
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To verify the effectiveness of the beam tracking algorithm proposed in this
paper, Fig. 2 shows the average error amplitude curve of the DOA based on seval
beam tracking algorithms. When the tracking time is short, it can obviously
be seen from the curve that the tracking error of the algorithm proposed is
slightly higher than that based on OMP algorithm proposed in [10] and is almost
the same as that proposed in [7], which is based on beam switching algorithm
with the wide beam training and the narrow beam alignment. As time goes on,
the tracking performance of the ASP-OMP algorithm gradually approaches the
OMP algorithm and is better than the beam switching algorithm. The tracking
error of all three beam tracking algorithm is within the acceptable range.

21
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Fig. 3. Received signal gain of different beam tracking algorithms

Figure 3 shows the receiver gain curve for the beam tracking algorithm based
on adaptive step-size prediction with kalman filter. It obviously can be seen that
the performance of the proposed ASP-OMP algorithm is close to that of the
OMP algorithm in the literature [10], which is better than that of the [7] based
on beam switching algorithm. Compared with the beamforming method based
on the optimal SVD, the receiver gain of the proposed method is reduced by
about 0.6 dB. The complexity of the proposed ASP-OMP algorithm is greatly
reduced with little effect on the communication.

Figure4 shows the spectral frequency of different beam tracking methods
under different transmission streams. It obviously can be seen that the spectral
frequency of the proposed ASP-OMP algorithm is close to that of the OMP algo-
rithm in both single and multiple streams. Due to the absence of the channel
estimation, the proposed ASP-OMP algorithm and the OMP algorithm in [10]
cannot provide a high spectral frequency as same as the optimal SVD beam-
forming method. This performance gap between the optimal SVD beamforming
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Fig. 4. Spectral frequency of different beam tracking algorithms
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method and the proposed ASP-OMP algorithm will become increasingly large
as the number of the transmission stream increases, which is a inevitable result
of the decline in complexity.

Figure 5 shows the receiver gain curves under different outlier identification

coefficients. When r = 1, which means that the threshold is low, the tracking
error is small with the small prediction step-size. The tracking error gradually
converges to the same value in case of that » = 2 and r = 4, which means that r
should be in the range of 2 to 4 to predict the relatively accurate beamforming
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vector. The curve gradually diverges due to the existence of outliers when r = 8.
In this case, The outlier identification method is out of action due to that the
error threshold is too large. Obviously, the selection of the outlier identification
coefficient has a severe effect on the beam tracking accuracy.

All in all, the results point out that the proposed ASP-OMP algorithm can
be adapted to the change of the channel and has a close tracking performance to
the existing beam tracking algorithm with the algorithm complexity decreasing.

5 Conclusions

In this paper, an adaptive beam tracking algorithm is proposed for the mobile
millimeter wave communication system. For the complexity of downlink beam
tracking and the requirement of the coherent communication, the proposed ASP-
OMP algorithm uses the kalman filter to carry out the adaptive step-size predic-
tion and beam tracking with the DOA information obtained by OMP algorithm.
By setting the error threshold with the outlier identification, the prediction step-
size is determined adaptively.

The optimal beam is kept constant within the prediction step, which reduces
the complexity of beam tracking. In practice, it only needs to predict the opti-
mal beamforming vector in advance before the communication link suffers from
significant fading. The beam tracking method proposed in this paper can be
adapted to the change of the channel and the mobility of the users, which reduces
the complexity of the traditional beam tracking algorithm and helps to reduce
the path loss of millimeter wave communication. Finally, the theoretical analysis
and simulation results demonstrate that the proposed algorithm has no apparent
performance loss with the complexity being significantly reduced.
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