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Abstract—In order to achieve terabits-per-second (Thps) data
rates in the sixth-generation (6G) mobile system, wireless com-
munications are required to exploit the abundant spectrum
in the millimeter-wave (mmWave) and terahertz (THz) bands.
However, high-frequency transmission heavily relies on high
beamforming gain to compensate for severe propagation loss. A
beam-based system faces a barrier in the process of initial access,
where a base station must broadcast synchronization signals and
system information to all users within its coverage. Hence, this
paper proposes a novel omnidirectional broadcasting scheme for
mmWave and THz systems with hybrid beamforming. It provides
an instantaneously equal gain over all directions by forming
complementary beams over sub-arrays. Numerical results verify
that it can achieve omnidirectional coverage with a performance
that remarkably outperforms the previous scheme.

I. INTRODUCTION

Although the fifth-generation (5G) technology [1] is still
on its way to being deployed across the world, academia and
industry have already shifted their focus towards the next-
generation technology known as the sixth generation (6G)
[2]. The ITU-T focus group Technologies for Network 2030
envisioned that 6G will support disruptive applications, such
as holographic communications, extended reality, artificial in-
telligence [3]-[5], Tactile Internet, multi-sense experience, and
digital twin, which impose extreme capacities and performance
requirements, including a peak data rate of 1 terabits-per-
second (Tbps), a missive connection density of 107 devices
per km?, and an area traffic capacity of 1 Gbps/m? [6].

Millimeter-wave (mmWave) communications have been em-
ployed in 5G, but the identified spectrum is still very limited
relative to the demand of 6G. To be specific, the ITU-R has
assigned a total of 13.5 GHz bandwidth for mmWave com-
munications at the World Radiocommunication Conference
2019 (WRC-19). As a follow-up, 3GPP specified the Second
Frequency Range (FR2) of 5G New Radio (NR), covering
24.25 GHz to 52.6 GHz. Using a bandwidth on the order of
magnitude around 10 GHz, a data rate of 1 Tbps can only be
achieved under a spectral efficiency approaching 100 bps/Hz,
which requires symbol fidelity that is not feasible using
currently known digital modulation techniques or transceiver
components. Consequently, 6G has to exploit the massively
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abundant spectrum at mmWave frequencies, which are defined
as 30 GHz to 300 GHz, and terahertz (THz) usually covering
0.1 THz to 3THz. At the WRC-19, the ITU-R has already
identified the spectrum between 275 GHz and 450 GHz for
the use of land mobile and fixed services, paving the way of
deploying THz commutations in 6G [7].

Despite its high potential, mmWave and THz communi-
cations suffer from severe propagation losses raised from
high free-space path loss, atmospheric gaseous absorption, and
weather attenuation [8], leading to a very short transmission
range. Hence, antenna arrays are required at the base station
and/or the mobile terminal to achieve sufficient beamforming
gains to compensate for such losses. Nevertheless, a beam-
based system encounters the problem of initial access [9]-[11].
In any cellular system, when a terminal powers on or performs
the transition from the IDEL to CONNECTED mode, it needs
to search for a suitable cell to access. Meanwhile, a terminal
needs to detect the neighboring cells of its serving cell to pre-
pare for handover. To this end, base stations must periodically
broadcast synchronization signals and system information in
the downlink with omnidirectional coverage.

The traditional approach of transmitting synchronization
and broadcast signals uses a single antenna that has an omnidi-
rectional radiation pattern. Consequently, signal broadcasting
was never a concern in earlier mobile systems that employed
single-antenna base stations. However, mmWave and THz
systems rely on pencil beams to transmit both control and
user data, whereas beam-based broadcasting covering mobile
users at any direction is challenging [10]. The initial access
of a 5G NR system is achieved by a brute-force method
called beam sweeping to sequentially scan the 360° angular
space with multiple narrow beams [12]. It applies a predefined
codebook consisting of a set of weighting vectors, each of
which forms a narrow beam to cover a particular direction,
and all beams together seamlessly cover the whole angular
space. 5G NR first defined the term Synchronization Signal
Block (SSB), consisting of the Primary Synchronization Signal
(PSS), Secondary Synchronization Signal (SSS), and Physical
Broadcast Channel (PBCH). The set of SSBs within a beam-
sweeping procedure to scan 360° is referred to as an SS burst
set. An NR system operating in the FR2 band can support up to
L = 64 SSBs within a burst set using 64 beams for sweeping.
An SSB is transmitted over each beam to guarantee that
all directions can receive synchronization signals and master



system information. This method provides good coverage but
suffers from high overhead (the SSB is repeatedly transmitted
L times) and long discovery delay [13].

At present, the most appropriate technique for initial access
in mmWave and THz communications is called random beam-
forming (RBF) proposed by Yang and Jiang through [14]-[19].
But it still has some drawbacks. Hence, this paper proposes
a novel initial-access technique called complementary beam-
forming (CBF), which goes beyond the RBF in terms of the
following aspects:

o The RBF is based on digital beamforming, which is too
expensive and power-consuming for large-scale arrays.
Our proposal focuses on hybrid beamforming that is
more suitable for mmWave and THz communications. It
makes full use of sub-arrays in the hybrid digital-analog
architecture to form complementary patterns.

o The RBF achieves omnidirectional coverage by averaging
many beams over the time or frequency domain. There
is a performance loss compared to the benchmark (the
single-antenna broadcasting) due to the power fluctuation
in the angular domain. In contrast, the CBF can pro-
vide instantaneously isotropic gain using complementary
beams and thus improve performance.

o The RBF needs to form many random beam patterns in
a short time/frequency span to achieve averaged equal
gains over all directions. The isotropic gain of the CBF
is achieved by a pair of complementary beams, which
can be fixed. Thus, it simplifies the implementation.

The remainder of this paper is organized as follows: Section
Il introduces the system model, while Section III proposes
complementary beamforming. Finally, Section IV gives nu-
merical results, and conclusions are made in Section V.

II. SYSTEM MODEL

Implementing digital beamforming in a mmWave or THz
transceiver equipped with a large-scale array needs a large
number of RF components, leading to high hardware cost and
power consumption. This constraint has driven the application
of analog beamforming, using only a single RF chain. Analog
beamforming is implemented as the de-facto approach for
indoor mmWave systems. However, it only supports single-
stream transmission and suffers from the hardware impairment
of analog phase shifters, e.g., random phase noise [20]. As
a consequence, hybrid beamforming [21] has been proposed
as an efficient approach to support multi-stream transmission
with only a few RF chains and a phase-shifter network.
Compared with analog beamforming, hybrid beamforming
supports spatial multiplexing, diversity, and spatial-division
multiple access. It achieves spectral efficiency comparable to
digital beamforming with much lower hardware complexity
and cost. Therefore, it is promising for mmWave and THz
transceivers in 6G systems [22].

Hybrid beamforming can be implemented with different
forms of circuit networks, resulting in two basic structures:

o Fully-Connected Hybrid Beamforming

The transmit data is first precoded in the baseband into

M data streams, and each stream is processed by an
independent RF chain. Each RF chain is connected to
all N antennas via an analog network, where N > M.
Hence, a total of M N analog phase shifters are required.
o Partially-Connected Hybrid Beamforming

As shown in Fig.1, each RF chain is only connected to a
subset of all antenna elements called a sub-array. This
structure is preferred from the perspective of practice
since it substantially lowers hardware complexity (as
well as power consumption) by dramatically reducing the
number of analog phase shifters from M N to N.

CC,)
. o
— Rl [y _*@ﬂ &
s,[t] - . 3
¥ RF Chain : ::
g L
o »w
o @ .
28 : %)
23 5
> o
»| RF Chain . §
_ :
— T s e i =
—(7

analog phase shifter

Fig. 1. Block diagrams of partially-connected hybrid beamforming.

Without loss of generality, we use partially-connected hy-
brid beamforming hereinafter to analyze the proposed scheme
but its applicability to fully-connected hybrid beamforming
will be discussed in Sub-Sec. III-D. Mathematically, the output
of the baseband precoder is denoted by s,,[t], 1 < m < M,
as shown in Fig.1. After digital-to-analog conversion and up-
conversion, the m!™ RF chain feeds

R [sm[t]le?* 0! | 1 <m < M, 1)
into the analog network, where R[-] denotes the real part of
a complex number, and f, stands for the carrier frequency.
In the partially-connected beamforming, an array is divided
into several sub-arrays, and each antenna is allocated to only
one RF chain. Each sub-array contains Ny, = N/M elements
(suppose N is an integer). We write ¢y, for 1 < n < N
and 1 < m < M to denote the added phase shift on the nth
antenna of the m'" sub-array, and thus the vector of transmit
signals for the m*" sub-array is given by

T

R [sm[t]ej27rf0tej¢1m] . [sm[t]ej%rfotejqa,\,sm]

Radiating a plane wave into a homogeneous media in the
direction indicated by the angle of departure 6, the time
difference between a typical element n of the m!* sub-array



and the reference point is denoted by 7y, (#). Within a flat-
fading wireless channel, the received passband signal is

M Ng
y(t) = Z Z R |:hm(t)3m[t]ejQ‘n'fo(t—Tnm(9))e‘j¢nm:| ()
m=1n=1
M N,
=R [(Z B () s [t] Z ej27rfor,”n(0)ejtbmn> ej27rf0t‘|
m=1 n=1
+ n(t), )

where h,, (t) represents the channel response between the m*"
sub-array and receiver, and n(t) the noise. In wideband com-
munications, a frequency-selective channel can be transferred
to a set of frequency-flat channels, where the scheme can be
straightforwardly applied over each subcarrier [23].

Denoting the steering vector of sub-array m as

am(a) — |:e_j27rf07—17n(0)’ R 6_j277f07—Ns7n(0):| T , (4)
and its weighting vector (due to analog phase shift) as

W = [ejd)lma R €j¢Nsm]T ; &)

Eq. (3) can be rewritten as

M
oo = [(Z hmu)sm[t]wgam(e)) it | 4 (o).
m];l |
=N [(Z h’rrb(t)87n[t]gm(9,t)> 2ot 4on(t), (6)
m=1

with the beam pattern generated by the m!” sub-array:

Ns
gm(0,1) = Wﬁam(g) _ Z o927 foTnm (0) pidnm (7
n=1
After down-conversion and sampling at the receiver, the
baseband equivalent received signal can be simplified into
(neglecting the time index)

M
Yy= Z hmgm(e)sm +n, ®)
m=1

where y is the received symbol, s,, is the precoded symbol
for the m*™ RF chain, and h,,, denotes the baseband channel
coefficient between the m!”" sub-array and receiver.

III. COMPLEMENTARY BEAMFORMING
A. Design Criteria

In the previous RBF scheme [24], the time-frequency re-
sources are divided into many small time-frequency blocks
(TFB) indexed by ¢, and a random pattern is applied on
each TFB. For a sufficient number of random patterns, the
average power is nearly equal for each direction. Then, the
RBF achieves omnidirectional coverage with averaged equal
gain at any direction. The criteria in designing the random
pattern sequence can be summarized as follows

o Keep equal average power in each direction for omnidi-

rectional coverage

e Set equal power in each antenna to maximize power
amplifier efficiency

o Use random beams with the minimum variance to achieve
the maximal capacity

To achieve the objective of isotropic radiation, the pattern
variance in the angular dimension is defined as a metric to
measure the pattern’s degree of deviation from a circle:

1
0'2:7
9 2T 0

N [lg(e,t)IQ —E (!9(9,0\2)} 2d9> 9)

where E means mathematical expectation. To satisfy the
second and third criteria, the basis weighting vector has the
minimum variance and unit module for each entry, i.e.,

« Wo = argmin(o}),

o |wi|=|wa| =+ =|wy|=1.

B. Complementary Patterns in Hybrid Beamforming

Despite achieving omnidirectional coverage with averaged
equal power, the power distribution of an individual random
beam in the RBF still fluctuates in the angular domain, as
shown in Fig. 2 of [14]. Compared with the single-antenna
broadcasting with even energy distribution, this fluctuation
leads to performance loss. To be specific, a beam null such as
that located in 0° or 180° brings a low signal-to-noise ratio
and then error bits, analog to a deep fade in a wireless channel.
However, it is impossible to form a circular beam over some
types of arrays, such as a uniform linear array (ULA). To
avoid this constraint, this paper proposes to use a pair of
beams (or more), taking advantage of sub-arrays in hybrid
beamforming, rather than a single beam. These two beams are
complementary to each other to form omnidirectional coverage
with instantaneous equal gain at any direction. As a result, the
optimal performance identical to that of a single antenna with
a high PA can be obtained.

Without loss of generality, we use hybrid beamforming
with two RF chains, i.e., M = 2, as an example, while its
generalization will be discussed in Sub-Sec. III-D. Instead of
a unique weighting vector in the RBF, the CBF determines a
pair of weighting vectors, satisfying the following criteria:

¢ Minimize the variance of individual pattern, i.e.,

Wy = argmin(agk), k=1,2,

where g; denotes the individual pattern of w; and wo
over sub-array 1 and 2, respectively.
o Minimize the variance of the composite pattern, i.e.,
{Wl, Wg} = arg min (O’;) .
We define the amplitude of the composite pattern as
|91(6,)[* + |g2(6,1)[?
9(0.0) = 12D+l COF

o Set equal transmit power in each antenna to maximize
the PA efficiency, i.e.,

(10)

(1)

jwi| = |wa| = -+ = |wn,| = 1.



Given the steering vectors of sub-arrays, the desired weight-
ing vectors can be determined by conducting a computer
search, as depicted in Algorithm 1. This process is not
computationally complex, even with large antenna numbers.
Moreover, engineers can figure out these weighting vectors
during system design and configure equipment beforehand,
imposing no burden on the system operation. Fig.2 illustrates
a pair of complementary beams over an 16-element ULA as an
example. Although either beam still fluctuates in the angular
domain, their composite pattern is strictly isotropic with zero
deviation 03 = 0, namely

|g|2:M _

5 1. (12)

Composite Beam

——————— Beam 1
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Fig. 2. Schematic diagram of a pair of complementary beams over a 16-
element ULA, generating a composite pattern with instantaneously equal gain
over all directions, satisfying (O'g = 0).

Algorithm 1: Determine Complementary Beams

input : a,,(0), m=1,2

input : Accuracy factor K > 1

Result: wi,wo

Coefficient granularity A ¢ 27”;

A coefficient set C « {1,e2? 229 . e(K-1)ao1
Space of weighting vectors W < C™;
Initialization: 67 < 1, Wi < 0, Wy < 0

foreach w,,wy € W do

91(8) — wa(0), ga(6) < wha(0);

91O +lg2 (O,
9(O)] ¢ /5

Compute 02 in terms of Eq. (9);

if Ug < 63 then
| 62402, Wi+ Wi, Wy & Wa;
end

end

j (,)
C
(s -s) g
! 2 Beam . 3
Pattern 1 j £
101001 §
a Alamouti
s Encoder [ |
g T %)
c
'
[
3
.| Beam . o
> . <
3 Pattern2 | - NS
(s )

Complementary Beamforming

Fig. 3. Schematic diagram of complementary beamforming over partially-
connected hybrid transmitter, where two branches of orthogonal precoded
signals are independently beam formed over two sub-arrays to generate two
complementary patterns.

C. Baseband Precoding and Decoding

In digital beamforming, a data symbol is weighted correctly
and transmitted at all elements to achieve constructively su-
perposition in desired directions. If two sub-arrays of hybrid
beamforming transmit the same symbol, i.e., s = s2, and their
channels are fully correlated h; = hy = h, Eq. (8) becomes

Y= (91 (0) + 92(0))hsm +n.

In terms of Eq. (7), we can obtain

2 N
S 3 eniznforun(®) giten

m=1n=1
2N

= 3 IO ) g
n'=1

= g(@,t),

implying that hybrid beamforming falls back to analog beam-
forming. It imposes the requirements that different streams of
hybrid beamforming should be independent to form individual
patterns. Meanwhile, the broadcasting of synchronization sig-
nals and system information emphasize on reliability, rather
than throughput. To this end, the precoding scheme with
spatial diversity is preferred. The Alamouti scheme [25], is
the unique complex-symbol space-time block code (STBC)
with full transmit diversity at full symbol rate, which has
been applied in practical systems and is quite flexible to be
integrated with other schemes, e.g., opportunistic space-time
coding [26].

A pair of symbols s = [s1, so]”

13)

g1(0) + g2(0) =

(14)

are precoded as follows:

S1 Precoding S1 —s3
—_— *2 .
S92 59 S1

The row of the precoded matrix corresponds to the spatial
domain, i.e., different sub-arrays, while the column stands for
the temporal domain. In other words, s; and —s3 are trans-
mitted by sub-array 1 over two consecutive symbol periods,
and meanwhile sy and s] are transmitted by sub-array 2,

15)



as shown in Fig.3. In the complementary beamforming, two
streams are independently beam formed over sub-arrays 1 and
2, respectively. The electromagnetic interference phenomenon
occurs only among elements transmitting correlated signals.
Thereby, the pattern of different sub-arrays can be regarded as
independent. According to Eq. (8), the received symbols over
two consecutive symbol periods can be expressed by

Y1 = g1his1 + g2hase + na, (16)
Y2 = —g1h1s5 + gahas] + na.
Building a vector of received symbols as y = [y1, 5], a
noise vector n = [ny,n3]7, and a composite channel matrix
gih1  g2ho )
H= (", wrw | s a7
(92 hy —gihi

which is assumed to be perfectly known from channel estima-
tion, Eq. (16) is rewritten into matrix form as

y = Hs +n. (18)

With typical decoding schemes for the Alamouti coding, the
transmitted symbols can be detected, e.g., using the minimum
mean-square error (MMSE) decoding

s= (H'H +0°1) ' Hy, (19)

where o2 is the noise variance, and I denotes the unit matrix.

D. Extension

In addition to partially-connected hybrid beamforming with
two sub-arrays, which is applied as an example for simplicity,
the proposed scheme is also applicable to fully-connected
hybrid beamforming and any number of M RF chains. The
output of the procoder is fed into the RF chains, and each
RF chain beam formed its corresponding transmitted signal
over all elements. If we treat the whole array as same as
a sub-array, it results in multiple complementary beams in
fully-connected hybrid beamforming. There are at least two
RF chains in hybrid architecture. If the number of RF chains
is even, we can group them into pairs, and apply the CBF
directly pair-by-pair. Two sub-arrays corresponding to each
pair of RF chains generates a pair of complementary beams.
If the number of RF chains is odd, we can group the last three
RF chains into one group, and then find three complementary
beams to minimize the deviation of their composite pattern.

IV. SIMULATIONS

The performance of the proposed CBF in terms of the bit
error rate (BER) is verified through numerical results acquired
by computer simulations. Since link reliability is more impor-
tant than the data rate in broadcasting synchronization signals
and system information, low-order modulation, i.e., quadrature
phase-shift-keying (QPSK), is employed. To get an insight
into the performance without any other influential factors,
the uncoded BER comparison in Additive White Gaussian
Noise (AWGN) channels is conducted. Moreover, the results
over Rayleigh fading channels are observed, where channel

coefficients vary in block-wise. For a direct comparison with
the RBF scheme, an 8-element ULA is applied. We also
assume that the channels of two sub-arrays are the same
h1 = ho. Then, the performance of the Alamouti precoding
over two antennas is identical to that of the single antenna (as
the benchmark) under the same power budget.

The proposed scheme is compared with the RBF, using the
signal-antenna broadcasting as the benchmark. Note that the
single antenna needs a high power amplifier, which brings high
hardware costs and power consumption. Moreover, mmWave
and THz communications must rely on beamforming over
a large-scale array to extend the communication range for
transmitting both user data and control signalling. Although
a single-antenna broadcasting scheme is optimal for syn-
chronization and broadcast signals, it is not an option for
user data transmission in mmWave and THz communications.
Hence, it can only serve as the benchmark for omni-directional
coverage, rather than a real candidate. In order to verify
the omnidirectional coverage property of the CBF, we select
different angles for a mobile station to observe its BER
performance in the downlink. As we expect for the broadcast
channels, the proposed scheme gets identical performance in
any angle, as the RBF and the single-antenna broadcasting.
However, the CBF outperforms the RBF since it provides
instantaneous equal gains in all directions and avoids the
fluctuation of energy distribution in the angular domain.

The total power budget for the three schemes is the same
for a fair comparison. The uncoded BER performance in an
AWGN and frequency-flat Rayleigh fading channel is illus-
trated in Fig.4. The CBF can achieve the optimal performance
indicated by the single antenna in both channels since it
provides instantaneous equal gain without any beam null. The
bit errors of the RBF in AWGN is raised from the beam nulls
that cause a very low signal-to-noise ratio. In fading channels,
all three schemes suffer from channel fading, where most of
the bit errors are caused by the deep fade of wireless channels,
but the CBF is also superior to the RBF.

V. CONCLUSION

This paper proposed a novel beamforming scheme for the
initial access of future 6G systems, which adopt millimeter-
wave and terahertz communications with hybrid analog-digital
architecture. The proposed scheme provides omnidirectional
coverage for the broadcasting of synchronization signals and
master system information, such as Synchronization Signal
Block specified in 5G New Radio, to all mobile uses at
any angle of a cell. Unlike the previous RBF technique that
achieves omnidirectional coverage by averaging many random
patterns, it can generate instantaneously isotropic radiation to
avoid the energy fluctuation in the angular domain by forming
complementary beams. Consequently, it outperforms random
beamforming since the performance loss is caused by the low
signal-to-noise ratio due to beam nulls.
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