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Wideband Inter-Beam Interference Cancellation for
mmW/Sub-THz Phased Arrays With Squint
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Abstract—As relative bandwidth increases, beam squint, i.e.,
frequency dependent directivity, limits the wideband performance
of phase-shifter steered arrays. This effect is already notable in
5G systems operating at 28 GHz and above with 400/800 MHz
bandwidths, especially if broadband cancellation is needed between
multiple beams. The wideband squinting effect reduces the signal-
to-interference-plus-noise-ratio of a multibeam system by changing
the level and direction of the spatial null towards the interferer. This
paper examines the effectiveness of the inter-beam interference
(IBI) cancellation using crosscoupled signals for wideband arrays
with visible squint effect. For a large relative bandwidth of the
array, this paper presents a component carrier-based approach for
interference cancellation between the beams of different users or
data streams. Furthermore, as bandwidth and array size increase,
the impact of squint increases, which is also examined for the can-
cellation of the IBI. Furthermore, an example scenario is simulated
using standard SGNR modulated waveforms.

Index Terms—Beam synthesis, carrier aggregation, interference
nulling, millimetre wave communication, squinting effect, ultra
wideband communication, wideband spatial effect.

I. INTRODUCTION

ILLIMETER-WAVE (mmW) and Sub-terahertz (Sub-
M THz) communication having bandwidths on the order
of gigahertz (GHz) or tens of GHz, are seen as promising
technologies for the 5G and 6G wireless systems [1], [2], [3],
[4]. Communication in these bands will alleviate the spectrum
scarcity and capacity limitations of current wireless systems.
However, these frequencies suffer from significant path and
propagation losses per antenna element, posing a serious chal-
lenge to practical communications [5], [6]. The wavelengths of
the frequencies in these bands, on the other hand, are shorter
allowing more antennas to be packed into the same physical
space. For mmW and Sub-THz communications, this results in
the implementation of large-scale antenna arrays with spatial
multiplexing capabilities and highly directional beamforming
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gains [7]. Link range analysis for 5G [8] and 6G [9] systems
give insights to these challenges.

Traditional fully digital beamforming systems are not prac-
tical for mmW/Sub-THz frequencies. This is because they
require one dedicated radio frequency (RF) transceiver chain
per antenna element, which is not cost and power efficient to
implement in case of very large arrays and bandwidths. Analog
beamforming, on the other hand, can have only one baseband
chain and enabling only single-stream transmission [10]. Hy-
brid digital/analog beamforming systems offer a compromise
on the performance/complexity trade-off [11], [12]. In hybrid
digital/analog radio systems, the beamforming process is split
between digital and analog domains. The digital domain beam-
forming is used to spatially multiplex users or separate data
streams and the analog domain beamforming is used to improve
the effective-isotropic-radiated power (EIRP) and thus range.
Beam power differences even for a single MIMO link might be
large [13] and require directive cancellation to avoid co-channel
interference due to inter-beam effects.

To achieve full array gain in hybrid beamforming designs,
analog RF beamformers produce directional beams aligned
with the physical directions of the propagation channels of the
users [14]. Furthermore, the phase control of the array antenna
elements enables beam scanning capability [15]. A phase shifter
is typically utilized in each antenna of the array to steer the beam
in space with reasonable cost and ease of implementation [16],
[17] as shown in Fig. 1. Additionally, the phase shifter for
each antenna can be calibrated for the carrier frequency of the
system [18]. Such phase shifter based analog RF beamform-
ers work well for small relative bandwidths. However, when
frequency-dependent phase shifters are used for the wideband,
the beams of different frequencies point in slightly different
spatial directions. This leads to wideband spatial effect, known
as beam squint in the frequency domain [19], [20], [21]. In
a multi-user multi-beam system, the main lobes of the beams
are directed towards the intended users for maximizing the
power, while the nulls are formed towards the potential victims
of the interference, for example, other users [22]. Squinting
reduces spatial selectivity in wideband transmission, resulting
in a reduction in null depth towards the other beams and so
decreasing their SINRs.

Wideband interference between the beams can be eliminated
by placing multiple adjacent nulls in the radiation pattern [23],
[24]. Wide nulls in specified directions can also be generated by
constraining the adaptive weights when synthesizing an antenna
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tecture.

Inter-beam interference (IBI) in hybrid multibeam phased array archi-

pattern stochastically [25], [26], [27]. It is sometimes more
convenient to design an array with decreased sidelobe levels to
all directions rather than an adaptive wide null in the direction of
the interfering signal. However, null formation and sidelobe sup-
pression in these techniques require full control of all excitation
coefficients, which can take the form of amplitude-and-phase
control, phase-only control, or amplitude-only control of the
array elements. However, the amplitude control deteriorates the
power amplifier (PA) efficiency and limits the achievable EIRP
in the transmitter. For an RF transmitter, this is challenging
because if the amplitude of each RF branch is controlled for
interference reduction, the parallel antenna-specific PAs expe-
riences different shapes of nonlinearity which makes the array
linearization challenging [28], [29]. In the receiver, amplitude
control over the array elements also affects to the overall noise
figure [30]. Full control in mmW/Sub-THz phased arrays be-
comes prohibitively expensive and the system becomes complex
as the number of array elements increases.

Another technique used in [31] divides the transmit signal
into independent subbands using a filter bank behind each array
element and then uses a tapped delay line (TDL) in each subband
to generate frequency invariant spatial nulls in the radiation
pattern of the array. However, the design of highly linear and
sharp filters is highly complicated, and their implementation is
restricted due to their larger power consumption and limited
operating frequency range [32]. Multiple arrays can be used
to create nulls in specific spatial directions in subarray-based
systems [33], [34]. Using the additional array solely for the
purpose of creating nulls, on the other hand, is a waste of antenna
area. While each subarray can create beams for specific users,
it can also be used to cancel interference without affecting the
amplitude or phase excitation within the subarray. In fact, such
a method can use RF beamformers to create the desired nulls.
The two-stage beamforming technique analyzed in this paper
uses cross-connected signal paths before splitting to multiple
antennas to cancel interference and RF beamformers to improve
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beam EIRP. In this paper, interference cancellation in wideband
arrays with squint is described using a component carrier-based
approach. Additionally, when bandwidth and array size increase,
the impact of squint increases, which is also examined for the
cancellation of the IBI. Furthermore, an example scenario is
recreated utilizing standard SGNR modulated waveforms. This
is specifically suitable for the waveforms used for example in
5GNR [35]. The rest of the article is organized as follows.
Section II explains the interference cancellation technique for
the narrowband and wideband signals. The simulation analysis
is reported in Section III. Finally, the conclusions are given in
Section I'V.

Notation: Lower-case and upper-case boldface letters denote
vectors and matrices, respectively; ()7, (-)¥, and (-)~! denote
transpose, conjugate transpose and inverse of a matrix, respec-
tively.

II. INTER-BEAM INTERFERENCE CANCELLATION IN
MULTI-BEAM SYSTEMS

We consider a multi-user multi-antenna hybrid beamforming
system model in which uniform linear subarrays (ULSAs) are
stacked on top of each other at the base station (BS) to generate
spatially directed beams. Although not necessarily optimal for
practical implementation, this gives clear interrelation for ob-
servations assuming that the radio devices are located roughly
in the same elevation angle. In the three dimensional (3D)
coordinate system, x>0 is the direction of propagation (normal
of the array). The azimuth angle ¢ is defined as the angle from
positive x-axis towards to y-axis, and the elevation angle 6
is the angle from positive x-axis towards the z-axis. Antenna
array panel is a two-dimensional rectangular array with M rows
and N columns. Each row is a ULSA and connected with a
separate RF chain to serve a distinct user in space. In total,
for M rows, there are M RF chains serving the M users. The
channel between BS and all the M single antenna users is a
matrix (H = [hy, ha, ... hy]? € CM*N) The m!” row of the
H represents the line-of-sight (LOS) channel from the user m
to BS and given as

h,, = [1,eFmme L edkrmN (1

where k is the wave vector and describes the phase vari-
ation of a plane wave in three orthogonal directions as
a function of position and frequency, expressed as k =
27 f /¢(cos 0 cos ¢, cos O sin ¢, sin ), where f is the operating
frequency, and c is speed of light in free space. ry, , represents
position for the nth antenna of the mth row on the antenna
panel. We employ maximum ratio transmit (MRT) beamforming
to achieve maximum EIRP for the RF analogue beamformers,
which is the conjugate transpose of the channel matrix, given as

Wer = HY, 2

where W g € CV*M The RF beamformers implemented with
phase shifters are modelled to correspond various time delays
for distinct carrier frequencies, causing the radiation pattern
to squint as a function of frequency. In other words, effective
channel (H.) is the channel that beamformers encounter at a
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Fig. 2. Subarray based hybrid beamforming architecture.

particular frequency and hence the effective channel changes
over the entire signal band. Effective channel for a frequency f
is mathematically expressed as

H/ = H'Wgp, 3)

where H/ is the channel seen at frequency f between the BS
and the users. The H/ is a square matrix of the order of M with
diagonal entries representing powers of the beams toward users
and non-diagonal elements representing interference between
users. The information from the effective channel in (3) can be
used to compute the SINR over the bandwidth (B = f> — f}).
The SINR (v) of the m'" user with MRT analog beamformer is
given as

JE 18 2df
SN (B al2df) + 02,

where o2, is the noise variance with zero mean for channel to
the user m and IV, is the total number of users.

MRT _
Tm

“

A. Narrowband IBI Cancellation (NB-IBIC)

The subarray of a user can be used to steer beam in the
direction of the desired base station for radio signals, and the
same subarray can also be utilized to produce the required
notches to cancel interference from other subarrays. Therefore,
each subarray can be crosscoupled (connected) to the other in the
baseband (BB), intermediate frequency (IF), or radio frequency
(RF) to eliminate mutual interference between them as shown
in Fig. 2. The crosscoupled signals from the crosscouplings
between the subarrays are phase-inverted (opposite phase) and
scaled down to the degree of interference. Fig. 3 illustrates the
beams of the usable signals and the beams of the IBI cancellation
or cross-coupled signals. The crosscoupled signals are transmit-
ted over-the-air (OTA) in the directions of the beams, as shown in
the Fig. 3 for two users. The crosscoupled signals have the same
amplitude as the degree of interference in those directions, but
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ference cancellation (IBIC).

their phases are opposite. The interference and crosscoupling
signals combine destructively and cancel each other in the
appropriate directions. Fig. 3 depicts such an illustration with
two beams in linear scale. The cancellation results in a null in
beam 2 interference in the direction of beam 1 and vice versa as
shown in Fig. 4. The cancellation has a minor effect on the main
lobe gain. When the separation between the beams increases,
the proposed approach has less of an effect on main lobe gain.

The concept of the effective channel can also be used to define
cross-coupling coefficients, given as

AY = (m)"H]) E). )

Af € CM*M with non-diagonal elements representing cross-
coupling coefficients for the cancellation of the inter-beam in-
terference at frequency f. The SINR (7) of the m'" user with
inter-beam interference cancellation (IBIC) by crosscoupling is
given as

JE @) Pdf
Ein (5 | (LA )i ) + o,

Crosscouplings cancel the IBI, resulting in a deep null in the
spectrum of the IBI at the crosscoupling frequency as shown
in Fig. 5. Due to squint effects, the cancelling performance

IBIC __
m -

(6)
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and cancelled IBI at offset from carrier frequency.

worsens at frequencies that are at offset from the crosscoupling
frequency. On the other hand, it can also be seen in Fig. 5 that
if the cancellation frequency is altered by changing the phase of
the crosscoupled signal while using the same beamformers, the
IBI cancellation null in the spectrum changes as well. Therefore,
crosscoupling-based IBI cancellation enables IBI cancellation at
any frequency in the band without requiring the RF beamformers
to be changed. This independence is used for the cancellation of
the wideband IBI.

B. Wideband IBI Cancellation (WIBIC)

Carrier aggregation (CA) is a provision of the wideband
transmission standards. CA combines multiple component car-
riers (CCs) to improve spectral efficiency and throughput. This
method nicely channelizes signals in frequency domain, and this
enables a separate crosscoupling connection for each CC in order
to achieve wideband cancellation of the IBI. A CC-based wide-
band multibeam phased array architecture is shown in Fig. 6.
The crosscouplings are implemented in the baseband in this case.
However, depending on the ease of implementation in terms of
power consumption, size, and cost, IF and RF realizations are
also possible [36]. This method employs MRT for analog RF
beamformers primarily for the purpose of achieving maximum
EIRP. The RF analog beamformers for all the CCs of one user
have same power. However, each CC of one user is crosscoupled
separately with the corresponding CC of the other user. A
common digital-to-analog converter (DAC) is illustrated after
the aggregation of the CCs in this example, but it can also be
placed before the aggregation separately for each CC depending
on the signal generation architecture. Furthermore, with the use
of a unitary amplitude distribution for the RF branches, the
parallel antenna-specific PAs exhibit comparable nonlinearity
shapes, making array linearization less complex. The SINR (v)
of the m*" user with inter-beam interference cancellation (IBIC)
with multiple crosscouplings is given as

IBIC __
7cc,m -

Sohvee [l e | (Bee) P

Ny Nece feetAF/2 cc ’
Z'L#m ch < f{cfAF/Z | (AfCCHfJ; )m i |2df> + 072rz
(N
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where N, is number of CCs, f.. is center frequency of each
component carrier, AF' represent the bandwidth of the compo-
nent carrier, and A7ec is the matrix of the crosscoupling coeffi-
cients calculated at f.. The SINR with interference cancellation
is derived in (6) for the narrowband transmission and (7) for
the CC-based wideband transmission in phased arrays. These
derivations are given as generic formulas, and their performance
is dependent on a variety of parameters. The entire SINR metric
is presented as an integral, or channel power, over the intended
signal bandwidth in a specific direction. The equations show
that a variety of factors, including the array length (number of
antenna elements), the scanning angles of the user beam and
the interferer, and the relative bandwidth of the array, have an
impact on the overall SINR performance.

The wideband IBI in Fig. 7 is cancelled using crosscou-
plings one and two. In the case of two crosscouplings, the
IBI on both sides of the symmetric band is cancelled by a
single crosscoupling. The crosscoupling frequency is set at a
100 MHz offset from the carrier frequency on either side of the
symmetric band. Each crosscoupling produces a deep null or
deep cancellation in the IBI spectrum, which deteriorates as the
offset from the crosscoupling frequencies increases. Therefore,
the wideband IBI spectrum can be cancelled at various band
offsets using multiple crosscoupling. For the specified relative
bandwidth of the array, the number of crosscouplings and their
offset from the carrier frequency can be determined to satisfy the
requirements for IBI cancellation. The cancellation bandwidth is
determined by the cancellation requirement as well as the array
size. If CC bandwidth is chosen appropriately it is possible to
implement CC-based cancellation for a large number of subcar-
riers. This can relax subcarrier-based processing requirements
of fully digital MIMO solutions as anticipated for example in 5G
systems.

III. SIMULATION ANALYSIS

The two beams can interfere with each other via their major
lobes (main and side), nulls, or somewhere in between, depend-
ing on the angular separation. The wideband squinting effect
changes with the relative bandwidth of the array, the scanning
angles between the main lobe and the interference, and the
number of antennas in the array. It also means that the IBI
under squint is affected by the given array parameters, which
also means that it has an impact on the cancellation of the IBI
as well. Therefore, this simulation section is divided into three
subsections. In the first subsection, IBI is examined under the
squinting effects. The second subsection examines the influence
of squinting on the cancellation of the wideband IBI, while the
third subsection examines IBI and cancellation with standard
5GNR modulated waveforms.

A. Wideband IBI Under Squint

A two-beam scenario is simulated using a 32-element ULSA
for each beam stacked on top of each other. The spacing between
antennas in rows and between rows are fixed to half the wave-
length of the carrier frequency. In the simulation analysis, we
make use of the relative bandwidth (RBW = B/ f. - 100%),
which is always relative to the given carrier frequency. For
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instance, the RBW of 10% at 30 GHz carrier is 3 GHz, whereas
it is 6 GHz at 60 GHz frequency. For each value of relative
bandwidth, the two beams are represented here with 10000
equispaced continuous wave (CW) frequencies. In addition,
various beam separations are used to examine interference from
various angles. Initially, the beam of user 1 is at 0° azimuth
domain (boresight direction), whereas the beam of user 2 scans
from 1° — 10° azimuth in 0.01° steps. High observation and
scanning precision were needed to demonstrate the effects of
the squint in the extremely narrow spatial directions of the nulls
in the provided simulation analysis. The presented method, on
the other hand, does not require such precision because it uses the
same beamformers for cancellations and useful beams, resulting
in a cancellation null that moves in the same direction as the
beam.

The mutual interference varies over the simulated beam sepa-
rations. The interference from the beam of user 1 in the direction
of user 2 is given in Fig. 8 for 3, 5 and 10% RBW. Similarly,
squinting effects are more severe at scanning angles that have
offset from the boresight direction. As a result, the direction of
the interfering beam (¢;) is also analyzed at a 15° offset from
the boresight, and beam of user 2 is scanned from 16° — 25°
azimuth. User 1 IBI with offset from the boresight direction
is also plotted in the Fig. 8 for 3, 5 and 10% RBW. To assess
the results with and without offset from the boresight in the
same figure, the inter-beam separation parameter is made relative
the boresight direction. With the above definition, the scanning
angles of the analysis results can be derived by simply adding
the location of the interferer in the inter-beam separation.

When the IBI is examined from the direction of the nulls of
the interfering beam in Fig. 8, it is seen that it increases with the
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relative bandwidth. However, the IBI from the major lobes of the
interfering beam decreases as the relative bandwidth increases.
When the interfering beam is scanned away from the boresight,
the squinting effect changes not only the levels, but also the
spatial location of the lobes or nulls in the IBI. In other words,
the expected interference from the null of the other beam may
be caused by a squint-shifted lobe at higher relative bandwidth.

Wideband IBI behaves differently at the lobes than it does at
the nulls or near nulls. Near null location of an interfering beam
is interference from the direction which is between a sidelobe
and a null. Fig. 9 illustrates the amplitude and phase response
of the IBI with the relative bandwidth of 5% at the first sidelobe
maxima, near null, and at the first null. The null depth in IBI for
some frequencies around the carrier frequency can be observed
to be quite deep. On the other hand, when the offset from the
carrier frequency increases, the depth of the null decreases. The
null channel appears to be the most frequency selective, followed
by the near null and sidelobe channels. In comparison to the
null, which fluctuates significantly over the wideband channel
and has a shape similar to a spatial null, the amplitude response
at sidelobe maxima changes little. At sidelobe maxima and
near null, the phase response varies linearly over the wideband
channel. For frequencies on either side of the symmetric band,
the phase varies linearly in the direction of the first null, but it
is different on both sides of the symmetric band.

B. Cancellation of Wideband IBI

The frequency selectivity of the wideband channel depends
on the interference from the sidelobe, near null, or at the null
position of the other beam. Therefore, the squinting effect is
evaluated separately for the sidelobe, near null, and null of the
interference-causing beam. In addition, the wideband squinting
effect varies with the relative bandwidth and array size and is
taken into account in this analysis.

In the analysis, a two-beam scenario serving two distinct users
is simulated. Each beam is normalized to 0 dB. The beam of the
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first user is scanned to 15 degrees azimuth, and the beam of
the second user is selected in the direction of the first sidelobe
of the beam of the first user. Similarly, the location of beam 2
is changed to angular areas where it receives interference from
beam 1 via its near null and null positions. The above angular
configuration of the beams is used to categorize interference
depending on frequency selectivity of the wideband channel of
the IBI. Fig. 10(a)—(c) show the SINRs of beam 2 when beam 1 is
interfering with its sidelobe, near null, and at null, respectively.
Fig. 10(d)—(f) show the SINRs of beam 2 after canceling the
interference from the sidelobe, near null, and null, respectively.

The maximum SINR value that user 2 can achieve is around
15 dBs, as shown in Fig. 10(a). Because the beam from the
first user is causing interference with its first sidelobe, which
has the relative power and therefore the SINR of the second
user is limited by the relative power of the interfering sidelobe.
Fig. 10(b) shows the SINR of user 2 when interference is coming
from the near-null direction of the beam of user 1. When the
relative bandwidth of the array increases, it is observed that the
SINR decreases more for arrays with fewer than 64 antenna
elements than for arrays with more than 64 antenna elements.
This is because, in comparison to smaller arrays, the main and
side lobes become narrower with larger arrays, and sidelobes
spread in close proximity around the main lobe. Therefore, the
squint shifted sidelobes away from the main lobe have lower
power for larger arrays compared to smaller arrays.

Fig. 10(c) depicts the SINR of beam of user 2 with interference
from the direction of the null of beam of user 1. In the direction
of the null, there should be no power or very low power. As a
result, interference from the direction of the null of the other
beam should not degrade the SINR. When the array size is
increased alone, the SINR has no noticeable effect. SINR is not
much affected by the squinting effect for up to 3% of the relative
bandwidth of the array. However, as the relative bandwidth of
the array increases, the SINR drops more at smaller numbers
of antennas than at larger numbers of antennas. This is because
the squint shifted lobes that take the location of null in smaller
arrays have a higher level than those in larger arrays.

When interference from the sidelobe of the beam 1 towards
beam 2 given in Figs. 10(a) is cancelled with a single cross-
coupling, the SINR of the beam 2 is shown in Fig. 10(d). The
frequency of crosscoupling is set at the middle of the band.
Good cancellation is accomplished because the sidelobes are
less frequency selective than the near null and the null of an
array. With the cancellation of the IBI, SINR of 40 dBs can be
reached at smaller arrays. For example, 32 antenna elements
with interference cancellation can achieve SINR of 40 dBs for
8% relative bandwidth of the arrays, 64 elements for roughly 5%
relative bandwidth of the arrays, and so on. For larger arrays, the
squint shifts the cancellation of the sidelobe to near null or null
regions, which are more frequency selective.

Fig. 10(e) shows the SINR of user 2 after interference from the
near null location of the other beam has been cancelled. User
2 achieves a SINR of roughly 40 dBs for any array size and
up to 2% relative bandwidth. The near null are more frequency
selective than the sidelobe regions. Squinting effects retain the
interfering beam in the near null area for smaller arrays, which
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and influence of the noise on the depth of the nulls.

reduces the interference cancellation performance and thus the
SINR.

It is seen that the interference originating from the null of the
beam is extremely frequency selective. Nulls are relatively nar-
row in angular space, therefore canceling them would necessitate
more precision and accuracy in terms of phase and amplitude
than canceling sidelobes or near nulls. Fig. 10(f) illustrates that
after the IBI is cancelled from the null direction, there is no
substantial impact on the improvement of the SINR. It is shown
that there is no need for the IBI to be cancelled if the other beam
is causing interference from the direction of the null and has a
relative bandwidth of less than 3%. However, when the relative
bandwidth of the array increases, a single crosscoupling is
insufficient to improve the SINR with interference cancellation.

The approach presented in the paper divides the wideband
channel into narrowband channels and conducts crosscoupling
or cancellation independently on each narrowband channel for
wideband interference cancellation. The absolute bandwidth is
divided into N parts in the given analysis, with each part having
its own crosscoupling to cancel interference. This method does
not necessitate the modification of RF beamformers, implying
that a single RF beamformer is utilized to enhance the wideband
beamforming gain. Multiple crosscouplings are used to accom-
plish interference cancellation for the simulation analysis. Two
and four crosscoupling are employed to cancel the interference
in this case. The crosscoupling or cancellation frequency is set
in the center of the band part for each crosscoupling. The cancel-
lation of interference from the sidelobe, near null, and null with

two crosscouplings is shown in Figs. 11(a)—(c). Figs. 11(d)—(f)
depict the interference cancellation using four crosscouplings.

Multiple crosscoupling improves the cancellation of the in-
terference in the presence of squinting effects, as expected.
Furthermore, a larger relative bandwidth ratio is attained, can-
celing practically all interference with multiple crosscouplings.
Multiple crosscouplings cancel interference all the way down
to the noise floor, resulting in a higher relative bandwidth and
better SINR range. Multiple crosscouplings have been observed
to successfully cancel interference from sidelobe, near null, or
null location of the interfering beam.

The analysis in this section showed that the squinting effect
makes it harder for wideband phased arrays to cancel out in-
terference. In addition, it is demonstrated that the performance
of the cancellation changes based on the frequency selectivity of
the interference channel, which in turn varies based on whether
the interference originates from the sidelobe, near null, or null
of the interfering beam. A single crosscoupling successfully
eliminated sidelobe interference, but it is insufficient to handle
the increased degree of frequency selectivity in the near null or
null channel of the interference. Multiple crosscouplings, on the
other hand, successfully canceled interference from the sidelobe,
near null, or null channel of the interfering beam. For larger
arrays and with a higher relative bandwidth, multiple cross-
couplings also successfully eliminated interference between the
beams of multiple users.

C. Cancellation of Wideband IBI With 5GNR Modulated
Waveforms

In this subsection, an example case scenario of the two beams
is simulated using standard SGNR waveforms [35]. For each
beam, a wideband waveform with eight CCs is used. Each CC is
100 MHz wide and separated from its neighbors by a 2.45 MHz
guardband, as required by 3GPP NR standards. Two 16-element
ULSAs are stacked on top of each other to serve two separate
users in the spatial domain with user-specific data streams. At
a carrier frequency of 27 GHz, inter-element spacing is kept to
in the typical half-wavelength configuration for the ULA and
also the eight CCs with guard bands aggregate to 822.32 MHz
bandwidth, or relative bandwidth nearly equals to 3%.

The beam of user 1 is scanned at a 20° azimuth angle, while
the beam of user 2 is scanned at a 24° azimuth angle with a
4¢ angular separation. For 16-element ULSA, the half power
beamwidth (HPBW) of the above arrangements is around 6.7°.
Consequently, the main lobes of the two beams interfere with
each other in this example. With a single crosscoupling, the



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 72, NO. 6, JUNE 2023

7568
0 ‘ ‘—User signal — 1Bl —IBIC (NXC = 1) -IBIC (NXC = 1) with noise‘
noise floor
60 1 1 1
-400 -300 -200 -100 0 100 200 300 400
Frequency (MHz)
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impact of noise on the performance of the cancellation.
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two beams are crosscoupled with each other, and the frequency
of the crosscoupling is chosen to be the center frequency of
the aggregated bandwidth. Spatial signals aimed at user 2 are
received by a reference receiver antenna with a gain of 0 dB
in the direction of user 2. A CC-based receiver is used to

noise on the depth of the nulls.

demodulate received signals, as shown in the Fig. 12. The
receiver demodulates, filters, and downsamples each CC. Using
downsampled CC signals, the timing is estimated and corrected.
EVMs are determined using CP-OFDM demodulation after
channel estimation and equalization.
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For wideband transmission, the beamformers should focus
all CC beams towards the intended user, and each CC radiated
pattern should have a null towards the interferer for interference
cancellation. Due to the wideband squinting effect, the nulls of
different CCs diverge from and limit their depths in the intended

Spectrum of the user signal, inter-beam interference (IBI), inter-beam interference cancellation (IBIC) with eight crosscouplings (NXC=8), and the
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Demodulated constellations of the CCs (1-8) with eight crosscoupling (8XC) (a)-(h) without noise, and (i)-(p) with noise (SNR=35 dB).

direction. In this example case scenario, we first examine at the
formation of nulls in the spatial domain with a single crosscou-
pling. In the Fig. 13, spatial beams with 8 CCs from both users
are simulated in the direction of user 2. The nulls of the various
CCs of user 1 are not aligned in direction of user 2. Because CC1
has a higher offset from the center of the band than CC2, the null
of the CC1 deviates more from the desired direction than the null
of the CC2. Null formation for the other CCs is also examined.
The null deviation of a CC is determined by its offset from the
crosscoupling frequency. When a null deviates from its intended
direction, its null depth decreases in that direction, resulting in
increased interference. Furthermore, in the presence of noise,
the nulls of various CCs are confined to the noise floor, which
is 35 dB lower than the signal power in this example.

Fig. 14 shows the spectrums of the user signal, inter-beam
interference (IBI), and cancelled IBI with crosscouplings for
frequency domain analysis. The analysis also includes the spec-
trum of the cancelled IBI in the presence of noise. As seen
in the spectrum, the level of IBI is approximately 4 dB less
than the signal power without interference cancellation or cross-
coupling. When IBI is cancelled with a single crosscoupling,
a deep null is seen in the cancelled spectrum of IBI at the
frequency of the crosscoupling. However, as the frequency offset
from the crosscoupling frequency increases, the depth of the
null decreases due to the squint effect. As a result, the degree
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of squinting differs between CCs. Compared to CCs that are
closer to the crosscoupling frequency, those that are farther
away exhibit more squint. IBI cancellation with crosscoupling
is essentially constrained by the squinting effect in the absence
of noise. The noise floor, on the other hand, limits the deep null
of the crosscoupling frequency in the presence of noise.

Additionally, we examine the effects of squint and noise on
the received signal constellations. CC constellations from 1 to
8 of user 2 with a single crosscoupling are shown in the Fig.
15(a)—(h). The CC with a greater degree of squint have a greater
degree of rotation in their constellations. The size of the error
vector varies with the amount of interference in the constellation,
while the phase rotation of the error vector is affected by the
squint of the interfering signal. In the presence of noise, no
more rotations of the constellation are detected; nonetheless,
the noise increases the amplitude of the error vector, as shown
in Fig. 153)—(p).

Furthermore in this simulation analysis, interference cancel-
lation is also examined with a single cross-coupling at various
inter-beam separations. The beam of user 1 remains at a 20°
azimuth, but the beam of user moves in one-degree steps from
a 24° azimuth to a 30° azimuth. All 8 CCs are demodulated for
user 2 for each inter-beam separation selection, and EVMs are
shown in the Fig. 16. As beam separation increases, the EVMs
of all CCs fall, but the degree varies depending on the squinting
effect in each CC. The noise has an impact on the EVMs as well.
The EVMs of those CCs with less squint appear to be mainly
degraded by noise.

The performance of wideband interference cancellation is
also examined using multiple crosscouplings. Therefore, eight
crosscouplings are used for the eight CCs, one for each CC. For
each CC, the crosscoupling frequency is selected at the middle
of each CC. Fig. 17 shows the spatial beams of both users, with 8
CCs simulated in the direction of user 2. The nulls of different CC
of user 1 are aligned in the direction of user 2. The noise-limited
nulls are also aligned in the desired direction.

The frequency domain performance of multiple crosscoupling
is also addressed. Fig. 18 shows the spectrums of the signal
of user 2, IBI towards user 2, and cancelled IBI with eight
crosscouplings. The spectrum of the cancelled IBI under noise
influence is also included. When IBI is cancelled by a separate
crosscoupling for each CC, the interference in the center of each
CC exhibits a deep null. The use of eight crosscouplings reduces
interference over the wide bandwidth. The spectrum of the IBI
with eight crosscouplings is much lower than the user signal in
the absence of noise. The cancelled spectrum of IBI is confined
to the noise floor in the presence of noise.

Squint has an effect on the constellations of received CC sig-
nals as well. Fig. 19(a)—(h) depict the constellations of the CCs
from 1 to 8 of user 2 with eight crosscoupling cancellers. Because
a separate crosscoupling effectively cancels the interference in
each CC, the demodulated constellations of the CCs have no
rotation. Therefore, the magnitude of the error vector increases
with noise as shown in the Fig. 19(1)—(p).

In the simulation analysis, the interference cancellation by
eight cross-couplings is also analyzed at various inter-beam
separations. The beam of user 1 is fixed at a 20° azimuth, and the
beam of user moves in one-degree steps from 24° to 30° azimuth.
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For each separation of the beams, 8 CCs are demodulated for the
user 2, and EVMs are displayed in Fig. 20. It is seen that when
beam separation increases, the EVMs of all the 8 CCs stay less
than 1%, and the magnitude of the EVMs remains consistent
across all CCs. Furthermore, when interference is completely
cancelled, the noise has a same effect on the EVMs of all the
CCs.

IV. CONCLUSION

The cancellation of wideband inter-beam interference is
highly frequency selective. It has different behaviour at major
lobes, near nulls, and nulls. The wideband squinting effect
reduces spatial selectivity in transmission, lowering null depth
towards other beams and lowering the achievable SINR of the
multibeam system. The wideband squinting effect is further
affected by the relative bandwidth of the array, scanning angles
of the main lobe and IBI cancellations, and the number of
antennas, which are considered in the paper. This paper presents
and analyses a two-stage beamforming technique for enhancing
the SINR of multibeam systems. Crosscoupled cancellation
paths are used to minimize interference in one stage, while
beamformers are employed to improve the EIRP of the beams in
the subarrays. A component carrier-based crosscoupling tech-
nique is described for the cancellation of the wideband IBI. This
method nicely channelizes signals in the frequency domain, and
this enables a separate crosscoupling for each CC in order to
achieve wideband cancellation of the IBI. Simulation analysis
shows that the squinting effect makes it difficult for wideband
phased arrays to cancel interference. It also shows that cancel-
lation performance depends on the frequency selectivity of the
interference channel, which varies depending on whether the int-
erference comes from the sidelobe, near null, or null of the
interfering beam. A single crosscoupling eliminates sidelobe
interference butis insufficient to manage the enhanced frequency
selectivity in the near null or null interference scenario. The
sidelobe, near null, or null channel of the interfering beam can
be eliminated by multiple crosscouplings. For larger arrays with
a wider relative bandwidth, multiple crosscouplings can cancel
out the interference between the beams of different users. The
analysis in the paper gives insights into how relative bandwidth
can be taken into account when mmW signals are channelized
in the frequency domain enabling relatively simple and effective
means for inter-beam interference cancellation in multibeam
transmissions. Such information could be utilized for example
when designing next-generation waveforms and signal struc-
tures for 6 G communications and sensing. The analysis derived
in this paper assumed LOS propagation conditions which are
typical in mmW systems. In case of multiple propagation paths
appearing in the directions of the narrow main beams, the
frequency selectivity of the channels may require to divide the
signals into much smaller bands that can be then individually
cancelled, similarly as in case of LOS channel with beam squint.
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