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ABSTRACT

When conventional phase shifter based arrays are used in

millimeter-wave systems, the angle of departure (AoD) and

angle of arrival (AoA) estimates are obtained through high-

overhead exhaustive beam sweeping (EBS). Recently, true-

time-delay arrays re-emerged as a promising architecture for

fast angle estimation. In this work, we develop an algorithm

for joint AoD and AoA estimation using only one Orthog-

onal Frequency Division Multiplexing (OFDM) symbol and

frequency-dependent beams that can be synthesized by fully

digital and true-time-delay arrays. We compare the developed

algorithm with wideband single-carrier based EBS in terms of

the misalignment probability and required training overhead.

Numerical simulations in millimeter-wave channels reveal

the advantages of the proposed algorithm.

Index TermsÐ Millimeter-wave, AoD/AoA estimation,

beam training, frequency-dependent beams, TTD array

1. INTRODUCTION

A common way to establish a directional link between the

base station (BS) and user equipment (UE) in millimeter-

wave (mmW) networks is through beam training [1], a pro-

cedure that identifies the dominant AoD and AoA, i.e., the

best pair of steering directions. With large antenna arrays and

narrow beams at the BS and UE, finding the optimal pair of

angles, but keeping the training overhead and computational

complexity low, is an important and challenging task.

Early work on fifth generation (5G) mmW communica-

tions usually assumed that the BS and UE have analog phased

arrays, which can synthesize only one steering/combining

beam at the time. For this reason, the existing beam training

approaches for phased arrays include different variations of

the EBS [2±4]. The main problem of sweeping is a large

training overhead, which increases linearly with the number

of antenna elements.

Previous work that addressed the problem of large beam

training overhead can be roughly divided into two groups.

This work was supported by the NSF under grant 1955672.

The first group of works intend to leverage digital signal pro-

cessing (DSP) techniques, such as compressive sensing, to re-

duce the required number of training symbols [5±7]. The sec-

ond group of works aim to speed up angle estimation by using

different array architectures, including digital arrays [8,9] and

hybrid analog-digital arrays [10±12]. These arrays can use

multiple radio frequency (RF) chains to design adaptive sec-

tor beams for hierarchical AoD and AoA estimation and/or to

probe more than one angular direction at the time.

In an effort to minimize the required overhead, recent

work proposed the use of true-time-delay arrays for angle es-

timation using a single OFDM symbol [13, 14]. Compared to

phased arrays, true-time-delay (TTD) arrays have delay ele-

ments along with phase shifters in all antenna branches, which

allow them to synthesize frequency-dependent (subcarrier-

dependent) beams [15]. Thus, the information of the domi-

nant propagation angle can be extracted from the subcarrier

with the highest received signal power [13]. However, the

training algorithms in [13±15] were mainly focused on AoA

estimation at the UE side. In addition, previous work has not

demonstrated the benefits of the single-symbol OFDM-based

beam training over the conventional fast single-carrier based

EBS. In this work, we address these problems. We first

develop an algorithm for a joint AoD and AoA estimation

that uses only one OFDM symbol and frequency-dependent

beams. Then we compare the developed algorithm with

single-carrier based EBS in terms of the misalignment proba-

bility and required training overhead.

2. SYSTEM MODEL

We consider downlink beam training between the BS and UE

using only one OFDM symbol. The carrier frequency, band-

width, and number of subcarriers are denoted as fc, BW, and

Mtot, respectively. The OFDM symbol uses M (M ≤ Mtot)

subcarriers from the predefined set M, all loaded with binary

phase shift keying (BPSK) modulated pilots. We assume that

the BS is equipped with a fully digital antenna array [16],

while the UE is assumed to be equipped with a fully con-

nected hybrid TTD array with NRF RF chains.IC
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ilarly, we vectorize the corresponding received signal sam-

ples yr[m], ∀(r,m),m ∈ M
(B)
b , and we denote that vector

yb ∈ C
NRF . A non-coherent power measurement p̂

(nc)
b for the

beam pair b is then defined as follows

p̂
(nc)
b =

2

σ2
N

yH
b yb =

2

σ2
N

∑

(r,m),m∈M
(B)
b

|yr[m]|2, (3)

where 2/σ2
N is the scaling term. Note that p̂

(nc)
b includes

powers of R frequency-domain samples (subcarriers). On

the other hand, a benchmark coherent measurement p̂
(c)
b ,

which requires complex synchronization, is defined as p̂
(c)
b =

2
∥sb∥

2
2σ

2
N

|yH
b sb|

2, where 2/(∥sb∥
2
2 σ

2
N) is the scaling term. Co-

herent power measurements were previously studied in [17].

The AoD and AoA estimates are based on the beam pair

index b̂
(nc)
max that corresponds to the maximum measured power

p̂
(nc)
max. The values of p̂

(nc)
max and b̂

(nc)
max are found as follows

p̂(nc)
max = max

p̂
(nc)
b

p̂
(nc)
b , b̂(nc)

max = argmax
b

p̂
(nc)
b . (4)

Let ξ
(T)
m∗

T
and ξ

(R)
m∗

R
be the steering angles that correspond to

b̂
(nc)
max. Then the on-grid AoD and AoA estimates are

θ̂(T) = ξ
(T)
m∗

T
, θ̂(R) = ξ

(R)
m∗

R
. (5)

3.3. Misalignment Probability in Presence of Noise

In low signal-to-noise ratios (SNR), the performance of beam

training algorithms can be affected by noise. In [17], the

authors studied the beam pair misalignment probability in the

presence of Gaussian noise in the single-carrier based EBS

with coherent power measurements. The same methodology

can be used to analyze the misalignment probability P
(nc)
miss

in the proposed single-symbol OFDM-based beam training,

where non-coherent power measurements are made in the

frequency-domain.

Without loss of generality, let the index b = 1 correspond

to the optimal beam pair with the maximum received power,

i.e., p
(nc)
max = p

(nc)
1 . Then, following the derivation in [17],

the upper bound on the beam pair misalignment probability

is P
(nc)
up =

∑M

b=2 P[p̂
(nc)
1 /p̂

(nc)
b < 1]. The ratio p̂

(nc)
1 /p̂

(nc)
b

of two non-central chi-squared random variables is a random

variable with a doubly non-central F distribution, denoted as

F (n1, n2, η1, η2). Thus, the upper bound P
(nc)
up is [17]

P (nc)
up =

M∑

b=2

F (1|n1, n1, η1, ηb), (6)

where n1 = 2R, n2 = 2R, ηb = 2
σ2

N

1
M

∑
(r,m)∈M

(B)
b

|wH
r [m]H[m]v[m]|2, b = 1, ...,M .

In the next section, we compare the proposed beam train-

ing with the single-carrier based EBS. The comparison is

done in terms of the SNR per sample, misalignment proba-

bility, and required overhead.

4. COMPARISON WITH EBS

In this section, we compare the single-symbol OFDM-based

beam training with fast single-carrier based EBS, and we we

demonstrate the benefits of the proposed approach.

We first compare the proposed beam training and EBS in

terms of the SNR per sample. In the proposed OFDM-based

beam training, the measurements include powers of R sam-

ples from different subcarriers. Based on the system model,

the SNR per sample is SNR = 1/(Mσ2
N). Conversely, in

the single-carrier based EBS, power measurements are made

across multiple time-domain samples (symbols) and the entire

bandwidth is used for each sample. Thus, the SNR per sam-

ple can be expressed as SNR = BWTTD/(Mtotσ
2
NBWEBS),

where the ratio BWTTD/BWEBS accounts for a potential dif-

ference in the bandwidths used in the proposed beam train-

ing and EBS. Clearly, if BWTTD = BWEBS, the proposed

OFDM-based beam training has Mtot/M times larger SNR

per sample that the single-carrier based EBS.

Next, we compare the two approaches in terms of the

beam pair misalignment probability in a simple line-of-sight

(LoS) channel. For simplicity, all beams are assumed to have

a uniform beamforming gain. We use the following param-

eters: NT = 32, NR = 16, BWTTD = BWEBS = 1 GHz,

Mtot = 4096, M = 512, SNR = −22 dB (before beam-

forming in proposed approach). It is assumed that the total

duration of all transmitted symbols is the same in both ap-

proaches and it is equal to Mtot/BW (one OFDM symbol

without cyclic prefix). With such total duration and R = NRF,

the number of samples per beam pair power measurement is

R and RMtot/M in the proposed beam training and single-

carrier based EBS, respectively. The misalignment proba-

bility is presented in Fig. 2 as a function of the number of

RF chains NRF. We present both the simulated curves and

the calculated upper bounds. The results indicate that the

coherent power measurements lead to a lower misalignment

probability than non-coherent power measurements in both

the proposed beam training and EBS. Additionally, the pro-

posed beam training is shown to have the same misalign-

ment probability as the EBS when coherent power measure-

ments are used in simple LoS channels. However, when non-

coherent power measurements are used, the proposed joint

beam training outperforms the EBS. The main reason for this

is a higher SNR per sample in the proposed beam training

with an OFDM waveform and frequency-dependent beams.

Similar as in energy detection algorithms in spectrum sens-

ing, the required number of samples in non-coherent beam

training highly depends on the SNR. Thus, the EBS needs

more samples to achieve the same misalignment probability
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Fig. 2. Misalignment probability in a

simple LoS channel.

1 2 3 4 5 6 7 8

Number of RF chains N

10
-2

10
-1

10
0

M
is

a
lig

n
m

e
n

t 
p

ro
b

a
b

ili
ty

Proposed - R

EBS - RM
tot

/M

EBS - 2RM
tot

/M

EBS - 3RM
tot

/M

EBS - 4RM
tot

/M

EBS - 5RM
tot

/M

EBS - 6RM
tot

/M

EBS - 7RM
tot

/M

EBS - 8RM
tot

/M

EBS - 9RM
tot

/M

EBS - 10RM
tot

/M

RF

Fig. 3. Misalignment probability in the

EBS when more samples are used.
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Fig. 5. Mis. prob. in realistic (a) LoS and (b) NLoS channels.

as the proposed beam training, numerically studied in Fig. 3.

The simulated curves in Fig. 3 indicate that the EBS needs an

NS = 3 times or NS = 4 times higher number of samples for

a comparable performance.

One of the main advantages of the proposed beam train-

ing over the fast single-carrier based EBS is a lower total re-

quired overhead. The overhead in the proposed beam training

is equivalent to the duration of a single OFDM symbol, which

is TTTD = 1.07Mtot/BWTTD, assuming a 7% cyclic prefix.

On the other hand, the overhead of the EBS depends on the

total duration of transmitted single-carrier symbols. During

the one OFDM symbol in the proposed beam training, a total

of MtotBWEBS/BWTTD single-carrier symbols are transmit-

ted in the EBS. However, as discussed earlier, the EBS needs

to increase the number of symbols (samples) to achieve the

same performance as the proposed beam training. In addi-

tion, the EBS requires the BS and UE to set up and switch the

beams for each probed beam pair. Since the BS is equipped

with a digital array, its beam can be set up and switched in

DSP. On the other hand, the hybrid array at the UE needs to

reconfigure its phase shifters when a different receive beam is

probed. Thus, the total training overhead in the EBS can be

expressed as TEBS = NSMtot1/BWTTD+NR(Tsetup+Tswitch),
where Tsetup and Tswitch are the set up and switching times.

In the state-of-the-art antenna arrays, these values are around

Tsetup = 120 ns and Tswitch = 8 ns [18]. We evaluated the total

training overhead in the proposed beam training and EBS in

Fig. 4. The results confirm that the proposed beam training

has a significantly lower overhead than the EBS.

Finally, we evaluate the misalignment probability in the

proposed beam training algorithm and EBS in realistic LoS

and non-line-of-sight (NLoS) mmW channels generated in

Quadriga [19]. In these simulations, we do not use the simpli-

fying assumption that all beams have a uniform beamforming

gain. The results are presented in Fig. 5. Similar as in the sim-

plified LoS channel, the EBS requires a larger number of sam-

ples to achieve the same performance as the proposed beam

training in realistic LoS channels. Without the assumption

of uniform beamforming gains, the misalignment probability

experiences a floor in high SNR in both approaches. Never-

theless, the probability floor is still fairly low, in the order of

10−2. Unlike in LoS channels, there are multiple comparably

strong propagation clusters in NLoS channels and it is easier

to miss the optimal beam pair, even in high SNRs. Thus, the

floor beam pair misalignment probability is higher in NLoS

than in LoS channels for both the proposed beam training and

EBS. In addition, NLoS channels have significantly larger

delay spreads than LoS channels. The proposed beam train-

ing, which uses a long OFDM waveform, is resistant to inter-

symbol interference and it can capture the entire energy of

NLoS channels with large delay spreads. On the other hand,

short symbols in the single-carrier based EBS are susceptible

to inter-symbol interference and they cannot capture the time-

spread channel energy. This leads to a lower received signal

power and a higher misalignment probability in the EBS. The

performance gap between the two approaches can be reduced

by increasing the number of samples, and thus the total over-

head, in the EBS.

5. CONCLUSIONS

In this work, we proposed a beam training algorithm for

fast joint AoD and AoA estimation. With a proper design of

frequency-dependent codebooks and a simple DSP algorithm,

angle estimates can be acquired using only one OFDM sym-

bol. The results indicate that the proposed algorithm leads to

a lower misalignment probability and required beam training

overhead than the conventional single-carrier based EBS.
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