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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 Terms— Millimeter-wave, AoD/A0OA 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 Ao0A, 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 f., BW, and
My, respectively. The OFDM symbol uses M (M < Mo)
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 Ngg RF chains.
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In this work, we consider a frequency-selective mmW
channel with L multipath clusters. The channel matrix
H[m] € CNe*N 3t the m-th subcarrier is defined as

L
Hlm] = > gilmlag(0,%))akl (6{"), (1)
=1

where g;[m], Hl(T), and 0,@ are a complex gain, AoD, AoA of
the [-th cluster, respectively.

Let v[m] € CN be the BS digital precoder for the m-th
subcarrier. Given (1), the received signal y,[m] at the m-th
subcarrier in the r-th RF chain can be expressed as
Him]H[m]v[m]s[m] + w[m]n[m], m € M,

2
where w,.[m] € C™ is the UE analog TTD combiner for the
m-th subcarrier in the 7-th RF chain, s[m] is a BPSK pilot
at the m-th subcarrier, and n[m] ~ CN (0, 03Iy, ) is white
Gaussian noise. The n-th element of w,.[m] is [w,.[m]], =
exp [_.] (27T(f’m - fC)Tn + ¢7',7L)]’ where Tn is the delay tap
in the n-th antenna and ¢,. ,, is the phase tap in the n-th an-
tenna and r-th RF chain. The frequency f,,, of the m-th sub-
carrier is fr, = fo — BW/2 + (m — 1)BW /(M — 1).

yr[m] =w

3. SINGLE-SYMBOL ANGLE ESTIMATION

3.1. Design of Beam Training Codebooks

Unlike in the UE-only beam training in [13, 14], joint AoD
and AoA estimation requires frequency-dependent codebooks
to be designed both at the BS and UE side. There are Nt /Ng
beam pairs that need to be considered in the training. The
key codebook design idea is to map OFDM subcarriers into
different beam pairs. Thus, the set of used subcarriers M has
M = NtNg elements. The total of M,y subcarriers is divided
into Nr groups, and in each group, the first N subcarriers
are selected and loaded with BPSK pilots. Mathematically,

the set M is defined as M = {m | m = mr + (mgr —

DM/ (Ne)], mr = 1, Ne, me = 1+, Na},
where |z] rounds x to the nearest lower integer. At the
BS side, we design a codebook where in each of the Ngr
groups, the Nt subcarriers are assigned Nt different discrete
Fourier transform (DFT) precoders u,,,, mr = 1,..., Nt,
that cover the entire angular range (—7/2,7/2). Equiv-
alently, the subcarriers from the set Mﬁfg ={m|m =
mr + (mr — 1) Miot/(NR)], mr = 1, ..., Nr} are assigned
the mr-th DFT precoder, i.e, vim] = up,, m € /\/152
At the UE side, we focus on the first RF chain and de-
sign a codebook where the Nt subcarriers from the set
M = {m | m = mr + (mg — 1) Miot/(Ne)|, mr =
1,..., N7} are assigned the same DFT combiner f,,,, i.e.,
wilm] = £, m€ MSSQ The design of training codebooks
is illustrated on a small example in Fig. 1.
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Fig. 1. Illustration of subcarrier selection and codebook de-
sign at the BS and UE, assuming Nt = 6 and Ng = 6.

Since the BS is equipped with a digital array, its codebook
can be easily designed through the frequency-domain DSP.
On the other hand, the UE codebook is created by setting the
delay taps 7,,, Vn, and phase taps ¢, ,, Vr,n. Similarly as
in [13], we set the delay taps to be 7, = (n — 1)/BW, 1 <
n < Ng, to probe all AoAs in the range (—n/2,7/2). The
Nt subcarriers from the set MSS,E correspond to different fre-
quencies and thus they experience slightly different combin-
ing angles and beamforming gains. The difference in beam-
forming gains is reduced by using the phase shifters to align
the UE codebook. The alignment phase tap is the same in
all RF chains and for the n-th antenna it is given as ¢y, =
—(n — 1)mod (27 (fiia — f.)/BW + 7, 27), where fpnig =
Iney2 + BW/(2Mior — 2) is the "middle” frequency of the
subcarriers in M SR) and mod () is the modulo operator. To in-
crease the robustness to frequency-selective channels through
frequency diversity, we rotate the UE codebook in different
RF chains by using the rotation phase taps ¢rotrnn = (1 —
1)(n — 1)2| N /Nrg|7/Ngr, V¥r,n. These taps ensure that
the codebook diversity is R = Ngp, i.e., that each AoD-
AoA beam pair is probed by Ngr different subcarriers in dif-
ferent RF chains. Thus, the overall phase taps are set as
d)r,n = ¢al,n + d)rot,rﬂu 1<7r < Nrp,1 <n < Mg

3.2. Design of DSP Algorithm for Beam Training

We use the designed BS and UE beam training codebooks to
develop a DSP algorithm for joint AoD and AoA estimation.
We propose a non-coherent power-based algorithm that does
not rely on phase information in samples in (2). We also con-
sider a coherent power-based algorithm and include it in the
analysis of the misalignment probability as the benchmark.
Let b be the index of the beam pair defined by the precoder
U, and combiner f,,,. We define the set of R = Ngp sub-

carriers that probe the b-th beam pair as Ml()B) =

mod (mb Y (r— 1)UVV—;J {%J M) r=1, ...,R}.

We vectorize the transmitted symbols s[m], Ym € MEB)
for the beam pair b and we denote the resulting vector s,. Sim-

(nin -
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ilarly, we vectorize the corresponding received signal sam-
ples y.[m], ¥Y(r,m),m € /\/ll()B), and we denote that vector

y» € CN®¢ | A non-coherent power measurement ﬁénc) for the
beam pair b is then defined as follows

R 2 g 2
pz(,nc) = JTYb Yo = ) Z
N N (r,m),mGMéB)

ly-[m]>, (3

where 2/02 is the scaling term. Note that p" includes
powers of R frequency-domain samples (subcarrlers) On

the other hand, a benchmark coherent measurement p(°)

Wthh requires complex synchromzatlon is defined as p(C)
”SbHQ > [yHsy |2, where 2/(||st2 02) 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 b,(ﬂg)x that corresponds to the maximum measured power

ﬁS}‘;Z( The values of ﬁr(ﬂ;)x and Z;(mn;)x are found as follows

pne) — m(asip(nc), bpine) = argmaxﬁl()nc). )
e b

pmax max
b

Let & (Tg and 57(5;) be the steering angles that correspond to

bg};)x Then the on-grid AoD and AoA estimates are

M=l 0™ =R, )

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 Pé:fs)
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,
ie., pff};)x = p(lnc). Then, following the derivation in [17],
the upper bound on the beam pair misalignment probability
is Pu(ll;c) = Zé\iz P[ﬁgﬂc)/A(nc) < 1]. The ratio p; C)/p(nc)
of two non-central chi-squared random variables is a random
variable with a doubly non-central F' distribution, denoted as

F(ny,n2,1m1,n2). Thus, the upper bound Pu(f;c) is [17]

M
“C) ZF 1|n1,n1,771a77b)7 ©)
b=2

where n; = 2R, ng = 2R, np =
e [ E v, b= 1, s 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/(Mo%). 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 = BWrrp /(Moo 2 BWggs),
where the ratio BWrrp /BWgps accounts for a potential dif-
ference in the bandwidths used in the proposed beam train-
ing and EBS. Clearly, if BWrrp = BWggs, the proposed
OFDM-based beam training has M, /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,
M,y = 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 M,,;/BW (one OFDM symbol
without cyclic prefix). With such total duration and R = Ngp,
the number of samples per beam pair power measurement is
R and RM,y/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 Ngg. 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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as the proposed beam training, numerically studied in Fig. 3.
The simulated curves in Fig. 3 indicate that the EBS needs an
Ng = 3 times or Ng = 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 Trrp = 1.07Miot/BWrrp, 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 M BWggs/BWrrp 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 = NS Mtotl/BWTTD + NR (Tﬂetup + T%witch)’
where Tiewp and Tiwicn are the set up and switching times.
In the state-of-the-art antenna arrays, these values are around
Tierp = 120 ns and Tiyien = 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
1072, 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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