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Abstract—To support millimeter wave (mmWave) frequency
bands in cellular communications, both the base station and
the mobile platform utilize large antenna arrays to steer nar-
row beams towards each other to compensate the path loss
and improve communication performance. The time-frequency
resource allocated for initial access, however, is limited, which
gives rise to need for efficient approaches for beam detection.
For hybrid analog-digital beamforming (HB) architectures, which
are used to reduce power consumption, we propose a compressed
sensing (CS) based approach for 5G initial access beam detection
that is for a HB architecture and that is compliant with the
3GPP standard. The CS-based approach is compared with the
exhaustive search in terms of beam detection accuracy and by
simulation is shown to outperform. Up to 256 antennas are
considered, and the importance of a careful codebook design
is reaffirmed.

Index Terms—5G NR, compressed sensing, initial access, beam
detection

I. INTRODUCTION

Directional transmission and reception link has become in-
evitable in 5G New Radio (NR) due to adoption of millimeter
wave (mmWave) frequency bands. As a growing number of
antennas are taken into account at base stations (gNB), many
issues have been brought up to be addressed. A larger antenna
array inherently comes with sharper beams, which in turn more
beams are required to sweep and illuminate the entire cell
coverage. From the beam management perspective, it implies
more frequent beam losses and harder beam recovery. Espe-
cially in the initial access process, only a limited opportunity
is given to gNB to sweep its possible beams in downlink,
e.g., 64 synchronization signal blocks (SSB) in FR2 [1]. The
limitation gives rise to need for an efficient approach to fully
exploit the given resources.

Beam management at mmWave is extensively surveyed
from the 3GPP perspectives in [2]. The hybrid beamforming
(HB) architecture is shown to be a good trade-off in terms
of reactiveness and design complexity. However, the provided
results only considers the exhaustive search (ES) for the sake
of the standard compliance. Compressive sensing (CS) has
been considered as a beam detection method in [3]–[5], but
the literatures lack consideration of the standard and hybrid
beamforming architectures. The iterative search is also a good
candidate [6], [7], but is not considered in this paper as (i) it
is shown to exhibit higher misdetection probability in general
in [8], (ii) it requires feedback from users at every iteration to

narrow down the search space and (iii) it is not suitable for
initial access due to the user specificness.

In this paper, we propose a CS-based downlink beam
detection approach for mmWave hybrid analog and digital
beamforming communication systems that is compliant with
the 5G NR 3GPP standard. The frequency and time structure of
synchronization signal block is specifically taken into account
in the design. The ES is considered as a baseline method
which the CS approach is compared against using a beam
pair detection probability as a performance metric.

II. SYSTEM AND CHANNEL MODELS

In downlink, a gNB with NBS
ant transmit antennas and NBS

RF

transmit RF chains and a UE with NUE
ant receive antennas and

NUE
RF receive RF chains are considered. Since our focus is on

HB architectures, the following inequalities hold: NBS
RF < NBS

ant

and NUE
RF < NUE

ant . Then the multipath channel matrix can be
expressed as

H(τ) = γ

Ncl∑
i=1

Nray∑
l=1

Hi,lδ(τ − τi,l) ∈ CN
UE
ant×N

BS
ant

= γ

Ncl∑
i=1

Nray∑
l=1

αi,lδ(τ − τi,l)aUE(θi,l)a
H
BS(φi,l),

where γ =
√
NUE

antN
BS
ant/NclNray is the normalization factor,

Ncl and Nray denote the number of mutipath clusters and the
number of rays in each cluster, respectively, αi,l ∼ CN (0, σ2

α)
is the (i, l)-th path complex gain with σ2

α = 1, τi,l is the (i, l)-
th path propagation delay, and θi,l and φi,l are the angles
of arrival and departure (AoA and AoD) associated with the
(i, l)-th path, respectively. δ(·) denotes the impulse function,
and (·)H denotes the conjugate transpose matrix. The (i, l)-th
path AoA and AoD are further defined as θi,l = θi+∆θi,l and
φi,l = φi+∆φi,l, respectively. aUE(θi,l) and aBS(φi,l) are the
receive and transmit array response vectors at the given angles.
Assuming uniform linear arrays (ULAs) with half-wavelength
spacing for both transmit and receive antennas, the transmit
array response vector is given as

aBS(φ) =

√
1

NBS
ant

[
1, ejπ sin(φ), . . . , ejπ(Nt−1) sin(φ)

]T
,
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Fig. 1. Block diagram of a general OFDM hybrid analog and digital beamforming architecture at both a transmitter and a receiver.
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Fig. 2. A diagram of the phase shifting RF stage of the precoder.

where (·)T denotes the matrix transpose. The receive array re-
sponse is similarly defined. By transforming into the frequency
domain, the channel matrix for the k-th subcarrier is given by

H[k] = γ

Ncl∑
i=1

Nray∑
l=1

αi,le
−
j2πfsτi,lk

K aUE(θi,l)a
H
BS(φi,l), (1)

where fs is the sample rate of ADCs at the UE and K is
the total number of subcarriers in OFDM. For the sake of
simplicity, it is assumed that the propagation delays of rays in
a given cluster are identical, i.e., τi = τi,l,∀l.

The transmit array response matrix ABS can be con-
structed by collecting the transmit array responses evaluated
at NclNray AoDs as

ABS =
[
aBS(φ1,1),aBS(φ1,2), . . . ,aBS(φNcl,Nray )

]
,

and the receive array response matrix AUE can also be simi-
larly constructed. The channel matrix in (1) can be rewritten
with the transmit and receive array response matrices as

H[k] = AUEHd[k]AH
BS, (2)

where Hd[k] ∈ CNclNray×NclNray is the diagonal matrix with
the elements being the scaled complex multipath component
(MPC) path gain associated with a pair of an AoD and an
AoA.

Considering a single UE, the received signal in the m-th
block and the k-th subcarrier is denoted by ym[k] ∈ CNUE

RF×1

and can be expressed as

ym[k] =
√
ρWm[k]HH[k]Fm[k]sm[k] + Wm[k]Hzm[k]

=
√
ρWm[k]HH[k]xm[k] + nm[k],

where ρ is the transmit power of each subcarrier, and
Wm[k] ∈ CNUE

ant×N
UE
RF and Fm[k] ∈ CNBS

ant×N
BS
RF are the

receive combiner at the UE and and the transmit precoder at
the gNB, respectively. The combiner/precoder are a product of
the RF and baseband (BB) combiner/precoder, in other words,
Wm[k] = WRF,mWBB,m [k] and Fm[k] = FRF,mFBB,m[k].
Note that the RF combiner and precoder are frequency-flat
whereas BB ones are frequency dependent. sm[k] ∈ CNBS

RF is
the transmit symbol vector, and xm[k] denotes Fm[k]sm[k].
zm[k] ∈ CNUE

ant ∼ CN (0, σ2
nI) is the noise vector, and nm[k]

denotes Wm[k]Hzm[k]. k, m and n denote the index of the
subcarrier, the SRS, the user, respectively. The transmit SNR
is defined by ρ/σ2

n. Fig. 1 shows a block diagram of a general
hybrid beamforming architectures by visualizing the signal
flows in an OFDM communication system.

In this paper, we consider that the RF stage of the precoder
and the combiner is implemented with phase shifters and that
the phase shifters have a bPS-bit resolution. Therefore, column
vectors of the RF precoder FRF,m are selected from a set
F = {f ∈ CNBS

ant : |fi| =
√

1/NBS
ant},∠fi ∈ Θ} where Θ =

{θ : 2πn/2bPS , n = 0, . . . , 2bPS − 1} and fi denotes the i-th
element of the vector f . Fig. 2 illustrates a detailed view of
phase shifting network based RF precoder.

III. SPARSE FORMULATION

For initial access and and beam detection purposes, it is
assumed that gNB uses a precoding codebook that contains
MBS precoding matrices to illuminate its coverage. While
the gNB sweeps the codebook, the UE keeps one combining
matrix and then switch to the next one in the subsequent
gNB codebook sweep. Assuming the combining codebook
has MUE combining matrices, the UE can collect up to
M(= MBSMUE) blocks. For simplicity, we suppose that
one block contains a single OFDM symbol. Assuming that



the channel remains constant over M blocks, the collected
received signal vectors y1,...,M [k] at the k-th subcarrier can
be combined into a matrix Y[k] ∈ CNUE

RFMUE×MBS which can
be expressed as

Y[k] = [ȳ1[k], . . . , ȳMBS
[k]]

=
√
ρW[k]HH[k]X[k] + W[k]HZ[k]

=
√
ρW[k]HH[k]X[k] + N[k], (3)

where ȳi[k] = [y(i−1)MUE+1[k]T, . . . ,yiMUE
[k]T]T, W[k] =

[W1[k],W2[k], . . . ,WMUE [k]] ∈ CNUE
ant×N

UE
RFMUE , X[k] =

[x1[k],x2[k], . . . ,xMBS
[k]] ∈ CNBS

ant×MBS , and

N[k] = blkdiag{W1[k], . . . ,WMBS
[k]}H×

n1[k] nMUE+1[k] . . . n(MBS−1)MUE+1[k]
n2[k] nMUE+2[k] . . . n(MBS−1)MUE+2[k]

...
...

. . .
...

nMUE
[k] n2MUE

[k] . . . nMBSMUE


=

 z1[k] zMBS+1[k] . . . zM−MBS+1[k]
...

...
. . .

...
zMBS

[k] z2MBS
[k] . . . zM [k]

 .
By vectorizing both sides of (3), the following equation can
be obtained:

y[k] =
√
ρ
(
X[k]T ⊗W[k]H

)
vec (H[k]) + n[k]

=
√
ρΦ[k]vec (H[k]) + n[k] ∈ CN

UE
RFM×1, (4)

where Φ[k] = X[k]T ⊗ W[k]H ∈ CNUE
RFM×NUE

antN
BS
ant is

the sensing matrix for the k-th subcarrier, and n[k] =
vec(N[k]) ∼ CN (0, σ2

nIMUE
⊗ W[k]HW[k]). The matrix

operator ⊗ denotes the Kronecker product, and vec(·) is the
vectorization operation.

We define the transmit array response grid matrix by

ĀBS =
[
aUE(ϑ0),aUE(ϑ1), . . . ,aUE(ϑGBS−1)

]
,

∈ CNBS
ant×GBS where GBS = NBS

antKBS is the number of
transmit angle grid bins, KBS is the transmit angle grid
multiplier, and ϑi = sin−1( −i

GBS
) is the transmit grid angle.

The receive array response grid matrix ĀUE is similarly
defined. Ignoring errors that may be caused by angle grid
quantization, the channel matrix in (2) can be rewritten as

H[k] = ĀUEH̄[k]ĀH
BS,

and vec(H[k]) can be expressed as

vec (H[k]) =
(
Ā∗

BS ⊗ ĀUE

)
vec
(
H̄[k]

)
=
(
Ā∗

UE ⊗ ĀBS

)
h[k]

= Ψh[k],

where Ψ = Ā∗
BS⊗ĀUE ∈ CNBS

antN
UE
ant×GBSGUE is the sparsify-

ing dictionary matrix, H̄[k] is the modified MPC gain matrix
associated with the dictionary matrix, and h[k] = vec(H̄[k])
is a sparse vector with NclNray non-zero elements. Then the

received signal in the right hand side of (4) can be rewritten
as

y[k] =
√
ρΦ[k]Ψh[k] + n[k].

=
√
ρ
(
X̃[k]⊗ W̃[k]

)
h[k] + n[k]. (5)

Detection of pairs of transmit and receive beams can be
achieved by finding non-zero elements in the sparse vector
h[k], and various CS methods now can be employed for this
end. The sparse formulation in (5) is for the k-th subcarrier
and can directly be explored to detect beams. In that case,
beam detection should be performed Nrs times and combine
the detected beam pairs where Nrs denotes the number of
subcarriers that can be exploited for beam detection purposes.

Instead, the received signal vector y[k] for k ∈ {1, . . . ,
Nrs} can be concatenated based on an assumption that the
transmit and receive array responses, i.e, aUE(θ) and aBS(φ),
are common in all subcarriers. The support in h[k] – which
indicates angle grid points – is common for all subcarriers
and is denoted by h without the subcarrier index. This is
a reasonable assumption considering (1) a relatively narrow
frequency span of SSB and (2) angle estimation performed
by only finding indices of a few largest support. Denoting
[y[1]T,y[2]T, . . . ,y[K]T]T by y, the following equation can
be obtained:

y = [y[1]T,y[2]T, . . . ,y[Nrs]
T]T

=
√
ρ

 Φ[1]
...

Φ[Nrs]

Ψh +

 n[1]
...

n[Nrs]


=
√
ρΦΨh + n

=
√
ρΦ̄h + n,

where the sensing matrix Φ = [Φ[1]T, . . . ,Φ[Nrs]
T]T

is a stack of sensing matrices of subcarriers, and n =
[n[1]T, . . . ,n[Nrs]

T]T is the concatenated noise vectors.
X̃[k] = X[k]TĀ∗

UE and W̃[k] = W[k]HĀBS The objective is
to solve the optimization problem

min ||h||1 such that ||y −√ρΦΨh||2 < ε

in order to find the downlink beam pairs.

IV. INITIAL ACCESS

3GPP NR defines the concept of synchronization signal
block (SSB) that gNB periodically transmits in a bursty
manner for multiple purposes including the initial access
(IA). One SSB is composed of the primary and secondary
synchronization signals (PSS and SSS), the physical broad-
cast channel (PBCH) and the demodulation reference signal
(DMRS). One SSB spans on four OFDM symbols and 240
subcarriers in time and frequency domain, respectively. The
burst periodicity is configurable , i.e., 5, 10, 20, 40, 80, 160
ms, and is generally set to 20 ms for IA. The number of SSB in
each burst is also configurable , i.e., 4, 8, 64 and determined
by the frequency band. In this paper, 64 SSB in a burst is
assumed as we are targeting the mmWave frequencies. For



-30 -20 -10 0 10 20 30

Tx SNR [dB]

0

0.2

0.4

0.6

0.8

1

P
ro

b
a

b
ili

ty

All - Exhaustive Search

All - OMP, Random Codebook

All - OMP, DFT Codebook

One - Exhaustive Search

One - OMP, Random Codebook

One - OMP, DFT Codebook

Fig. 3. Beam detection probability as a function of the transmit SNR.

more details, refer to [9], [10]. The IA procedure consists
of four stages: beam sweeping, beam measurement, beam
determination and beam reporting. During the beam sweeping
stage, at a given time, one SSB is transmitted in a single
beam toward a pre-specified direction. The subsequent SSB
will be transmitted in another beam so that the gNB illuminate
the cell coverage. During beam sweeping, multiple SSB’s are
transmitted in different pre-specified beams to illuminate the
cell coverage. Single beam transmission is analogous to the
analog beamforming. In the beam measurement stage, for
a given transmitted SSB, each HB architecture UE collects
received signal measurements from up to NUE

RF directions. In
the subsequent beam determination stage, various approaches
can be applied to estimate the best beam.

In this paper, we compare the CS approach against the
ES in beam determination. For the ES, a receive SNR that
can be obtained in the beam measurements stage is used as
a metric in finding beams. For the CS approach, the sparse
formulation derived in Sec. III is used and a CS algorithm is
applied, and there are two precoding and combining options
for this approach: the random and the deterministic. The
random codebook randomly configures the phase shifters in
the RF stage whereas the deterministic codebook makes use
of a predetermined set of matrices for the phase shifters. In
[11], it is shown that the DFT codebook is one of those that
minimize the total coherence and can better estimate mmWave
channels than the random codebook does.

V. NUMERICAL RESULTS

For simulation, the following parameters are used unless
otherwise specified: NBS

ant ∈ {64, 128, 256}, NBS
RF = 8,

NUE
ant = 8, NUE

RF = 4, bPS = 6, 120 kHz subcarrier spacing,
4096 FFT size, 400 MHz BW, 491.52 MS/s sample rate,
Nrs = 10 middle subcarriers, KBS = KUE = 3, MBS = 64,
MUE = 2, Nc = 2, and Nray = 3. The path delay is
uniformly distributed from 0 to 200 ns, the cluster means
AoD and AoA are uniformly distributed in [−π/2, π/2], and
the rays have the Laplace distribution with a cluster mean
and a 2◦ standard deviation. For each figure, 500 channel
realizations are generated. As a representative of the CS
approach, orthogonal matching pursuit (OMP) is used. The all
beam detection probability is the probability that the estimated
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Fig. 4. Empirical CDF of estimated transmit beam detection errors: (a) ES
and (b) CS

beam pairs match the true pairs, and the single beam detection
probability is the probability that at least one estimated beam
pair matches to one of the true pairs.

Fig. 3 shows both the all and single beam detection proba-
bilities with three different approaches: the ES, OMP with the
random codebook and OMP with the DFT codebook. For the
all beam detection probability, OMP with the DFT codebook
achieves the highest detection probability in the medium and
high SNR regimes. In low SNR, the ES has higher probability
than the other approaches until −20 dB SNR. OMP with the
random codebook’s probability is the lowest in the low SNR
regime and is similar to that of the ES in the medium and
high SNR regimes. The figure shows that the ES is more
robust to a low SNR and that high SNR is more favorable
to the CS approach to better estimate the beam pairs. In
addition, a smart codebook choice is critical in achieving good
performance when using a CS approach. A similar trend is
observed in the single beam detection probability with smaller
performance gaps. All considered approaches have a very high
(> 0.95) probability with an SNR greater than −10 dB, and
especially, OMP with the DFT codebook shows a consistently
high probability.

We take a closer look at difference in detection probability
between the ES and CS approach by plotting CDF curves in
Fig. 4 and 5. They plot empirical CDF of beam detection errors
in terms of beam index. Fig. 4 and 5 are for the transmit and
receive beams, respectively, and the subfigures (a) and (b) are
for the ES and the CS approach, respectively. For each figure,
13 CDF curves for a range of a transmit SNR from −30 to
30 dB with an increment of 5 dB are provided.

The transmit beam detection errors in Fig. 4 show that the
both approaches can achieve similar high detection accuracy
(∼ 95% at zero difference) in the high and medium SNR
regimes (e.g., −15 to 30 dB SNR); however, the receive beam
detection accuracy from the ES is worse than the CS approach
as observed in Fig. 5. It is a primary factor that causes the
performance gap between the two approaches in Fig. 3. It
implies that the CS-based approach is a better candidate if



0 2 4 6

Estimated Rx Bin Difference

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

C
D

F

-30 dB Tx SNR

-25 dB Tx SNR

-20 dB Tx SNR

-15 dB Tx SNR

-10 dB Tx SNR

-5 dB Tx SNR

0 dB Tx SNR

5 dB Tx SNR

10 dB Tx SNR

15 dB Tx SNR

20 dB Tx SNR

25 dB Tx SNR

30 dB Tx SNR

(a)

0 2 4 6

Estimated Rx Bin Difference

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
D

F

-30 dB Tx SNR

-25 dB Tx SNR

-20 dB Tx SNR

-15 dB Tx SNR

-10 dB Tx SNR

-5 dB Tx SNR

0 dB Tx SNR

5 dB Tx SNR

10 dB Tx SNR

15 dB Tx SNR

20 dB Tx SNR

25 dB Tx SNR

30 dB Tx SNR

(b)

Fig. 5. Empirical CDF of estimated receive beam detection errors: (a) ES
and (b) CS
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Fig. 6. Beam detection probability as a function of the transmit SNR: (a)
DFT codebook and (b) codebook proposed in [11]

the system cannot tolerate any beam errors. In the low SNR
regime (e.g., −30 to −20 dB SNR), the CS approach yields
lower accuracy than the ES in both transmit and receive beam
detection. Thus, the ES may be considered for cell-edge users.

Now we take more than 64 gNB antennas into consideration:
128 and 256, and the beam detection probability is provided
in Fig. 6. Since the maximum number of SSB in a burst is
64 and the number of beams in the DFT codebook is the
same as the transmit antennas, 128 and 256 antenna gNB
cannot make use of the ES. Thus, in Fig. 6, we focus on
the CS approach. Each SSB is transmitted using either (i)
NBS

ant/L DFT beams blindly, e.g., 2 beams and 4 beams in

128 and 256 antenna systems (Fig. 6a) or (ii) all available
beams using the carefully designed codebook [11] (Fig. 6b). In
order for further performance improvement, the deterministic
ordering [12] may be considered. The two codebooks achieves
similar performance with 64 antennas; however, detection
probabilities are degraded with a greater number of antennas in
Fig. 6a whereas the probabilities remain almost unchanged in
Fig. 6b. Comparison of the two subfigures suggests that careful
codebook design is crucial in maintaining beam detection
accuracy even with a growing number of antennas.

VI. CONCLUSION

We proposed a CS-based downlink beam detection approach
for mmWave hybrid beamforming systems taking the SSB
structure in the 5G NR 3GPP standard into account. With
the exhaustive search being a benchmark, the CS approach
was evaluated using the random and the DFT RF codebooks
in terms of the beam detection probability. The simulation
results showed that (1) the detection probability increases
with transmit SNR until a saturation point, (2) OMP with
the DFT codebook achieves the highest detection probability
after saturation and (3) the exhaustive search provides the
least performance degradation due to low SNR. We further
looked into the beam detection errors to figure out the receive
detection error in the exhaustive search primarily contributes
the lower performance. We also considered a larger number of
antennas at the gNB and explored two RF codebook options.
It is observed that a smart choice of codebook is crucial in
maintaining a beam detection capability with various number
of antenna elements.
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