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Abstract— This article presents a new notch steering scheme
for hybrid beamforming transmitters (TXs) aimed at suppressing
spatial interference, thereby enhancing the signal-to-interference-
plus-noise ratio (SINR) to support spatial multiplexing. Built
upon existing phased arrays, this scheme integrates an
auxiliary-path vector modulator (VM) into each antenna ele-
ment, which in turn, forms an interference-canceling beam.
By spatially combining the array factors (AFs) of the main
beam and the interference-canceling beam, a deep spatial
notch is created while ensuring minimal main-beam power
degradation. Unlike the conventional zero-forcing method that
requires matrix inversion in digital for spatial notch cre-
ation, our scheme enables the computation of antenna weights
in analog, significantly reducing the computational cost and
latency. Leveraging this new notch steering scheme, we develop
a 28-GHz four-element fully connected (FC) hybrid beamforming
TX array using the GlobalFoundries 45-nm CMOS Silicon-
on-Insulator (SOI) process. It is capable of simultaneously
transmitting two independent, wideband data streams (DSs)
in the same polarization toward two directions. In probing-
based measurements, each TX channel delivers 19.7-dBm
OP1 dB, 20.4-dBm PSAT, and 30.6% peak power-added efficiency
(PAE) at 29 GHz, demonstrating state-of-the-art TX linearity
and efficiency. In over-the-air (OTA) measurements, the pack-
aged TX array achieves 29.8-dBm EIRP1 dB and is able to
steer a spatial notch outside the −10-dB beamwidth of the
main beam, with a notch depth of >35 dB and a main-beam
power degradation of <0.8 dB. Moreover, in spatial multiplex-
ing demonstrations, the TX array is capable of transmitting
a 400-MHz 64-quadrature amplitude modulation (QAM) sig-
nal to the intended receiver (RX) in the first DS, while
suppressing the co-channel continuous-wave or wideband
modulated interference created by the second DS with a
high SINR.

Index Terms— 5G, CMOS, hybrid beamforming, millime-
ter wave (mmWave), multiple-input-multiple-output (MIMO),
notch steering, phased array, signal-to-interference-plus-noise-
ratio (SINR), spatial multiplexing, transmitter (TX).
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I. INTRODUCTION

SPATIAL multiplexing, a technique enabled by antenna
arrays, enhances communication throughput by capi-

talizing on spatial diversity in single-user multiple-input
multiple-output (SU-MIMO) [1], [2], [3], or by concurrently
transmitting to multiple spatially noncollocated users in mul-
tiuser MIMO (MU-MIMO) [4], [5], [6]. When the number of
spatial data streams (DSs) is limited (e.g., 2–8), hybrid beam-
forming, which performs phase shifting at the RF frontend, is a
more appealing option than full-digital beamforming. This is
because, in a hybrid beamformer, the number of high-speed yet
power-hungry data converters is equal to the number of DSs,
as opposed to the number of antennas in a digital beamformer.

Two types of hybrid beamforming architectures have been
explored: fully connected (FC) hybrid beamforming [7], [8],
[9] and partially connected (PC) hybrid beamforming [10],
[11]. The FC architecture utilizes all available antennas in the
array, thereby preserving the array gain with enhanced energy
efficiency compared with the PC architecture. Despite using all
antennas, the design complexity of an FC hybrid beamformer
remains manageable when handling a limited number of DSs
(e.g., ≤8 [12]).

A major challenge of spatial multiplexing is to mitigate
spatial interference created by other DSs. One technique
to suppress spatial interference and thereby enhance the
signal-to-interference-plus-noise ratio (SINR) is notch steer-
ing. Several recently reported millimeter wave (mmWave)
hybrid beamforming receivers (RXs) have incorporated notch
steering. In [11], a four-element RX array is divided into two
partially overlapping three-element subarrays to support two
concurrent DSs. The notch steering is achieved by adjusting
the gain of the variable gain amplifier (VGA) in each chan-
nel. In [8], a four-element FC hybrid beamforming RX is
reported. The notch steering is accomplished using a minimum
mean-square error (MMSE) beam adaptation algorithm, which
controls the complex weight of each RF channel. Further-
more, Huang et al. [13], [14] present an eight-element hybrid
beamforming RX with a phase-domain feedback mechanism,
which autonomously aligns the phase shifters (PSs) toward
the incoming signal to achieve either beamforming (if the
incoming signal is a desired signal) or notch steering (if the
incoming signal is an interference).
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Fig. 1. (a) When the sidelobe of DS #1 overlaps with the main lobe of DS #2 for a four-element ULA, the SINR is only ∼10 dB considering channel-to-channel
mismatches. Such an SINR is insufficient to demodulate 64-QAM signals. (b) Increasing the number of antennas leads to marginal improvement in sidelobe
suppression [15]. (c) Dolph–Cheshev arrays can lower the sidelobe level at the expense of ∼3-dB main-beam power degradation.

In addition to RX-side notch steering, the capability to
perform spatial notch steering on the transmitter (TX) side is
also crucial. Consider the radiation pattern of a four-element
uniform linear array (ULA) in Fig. 1(a), it has a sidelobe
level of approximately −10 dB, assuming a ±1-dB ampli-
tude mismatch and a ±10◦ phase mismatch among the four
elements. When the sidelobe of DS #1 overlaps with the
main lobe of DS #2, it acts as a strong co-channel inter-
ference, limiting the SINR to around 10 dB. Such an SINR
is insufficient to demodulate high-order quadrature amplitude
modulation (QAM) signals [see Fig. 1(a)]. It is important
to note that this sidelobe interference problem cannot be
simply solved by increasing the number of antennas. Fig. 1(b)
shows that the first sidelobe level improves by only 2 dB,
from −11.3 to −13.3 dB, as the number of antennas increases
from 4 to 128 [15]. This suggests the necessity of additional
techniques for spatial interference suppression.

Dolph–Chebyshev arrays are widely adopted to achieve
low sidelobe levels [16]. However, Dolph–Chebyshev arrays
require nonuniform element amplitudes. As shown in Fig. 1(c),
some elements need to operate in the back-off region, leading
to a significant main-beam power degradation. For instance,
with a −30-dB sidelobe level, two channels exhibit approxi-
mately 60% reduced output amplitude, leading to a close to
3-dB main-beam power degradation.

Various notch steering algorithms have been developed for
antenna arrays [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26]. Among these, zero-forcing [26] stands out as a
prevalent technique in MU-MIMO systems. However, zero-
forcing involves matrix multiplication and inversion in the
digital domain, resulting in significant power consumption and
latency overhead.

To overcome these issues, this article introduces a new
notch steering algorithm along with its silicon implementation.
This scheme integrates an auxiliary path into each antenna
element, which in turn, generates an interference-canceling
beam. By spatially combining the array factors (AFs) of the

main beam and the interference-canceling beam, a deep spatial
notch is created while ensuring minimal main-beam power
degradation. Unlike the traditional zero-forcing approach, the
proposed algorithm can be efficiently executed in the analog
domain within a few clock cycles, thanks to the wide avail-
ability of phase-shifting look-up tables in today’s phased-array
transceivers [27], [28]. In practical implementation, the main
and auxiliary paths are realized using two vector modulators
(VMs), enabling fine interpolations in the signal I/Q plane.
Moreover, the auxiliary-path VM is designed entirely using
transistors, ensuring the proposed scheme introduces negligi-
ble chip area overhead.

As proof of concept, we implement a 28-GHz four-element
TX array using the GlobalFoundries 45-nm CMOS Silicon-on-
Insulator (SOI) process [29]. Leveraging the proposed notch
steering scheme, the TX array supports two independent DSs
with a notch depth of over 35 dB and a main-beam power
degradation of less than 0.8 dB in over-the-air (OTA) tests.

The rest of this article is organized as follows. Section II
reviews existing notch steering techniques. Section III intro-
duces the proposed notch steering scheme and compares
it with existing techniques in terms of main-beam power
degradation and practically achievable notch depth. Section IV
delves into implementation details of the 28-GHz four-
element hybrid beamforming TX. The probing-based and
OTA measurement results are presented in Section V. Finally,
Section VI concludes this article.

II. REVIEW OF EXISTING NOTCH STEERING TECHNIQUES

For an N -element antenna array, up to N −1 notches can be
introduced by adjusting the complex weight of each element.
This can be understood by analyzing the AF of an N -element
λ/2-spaced ULA, given as

AF =

N−1∑
n=0

e jn9
=

N−1∑
n=0

e jn(π sin θ+β)
=

N−1∑
n=0

zn (1)
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Fig. 2. Three-element ULA has two zeros on the unity circle, corresponding
to two spatial notches in its AF.

where θ represents the angle of arrival (AoA), β denotes the
phase difference between adjacent antennas set by PSs, 9 =

π sin θ + β, which is the phase slope of the wavefront, and
z = e j9 . Equation (1) is a polynomial of degree N −1 and has
N − 1 zeroes located on the unit circle in the complex plane.
These zeroes correspond to spatial notches in the radiation
pattern. For instance, as shown in Fig. 2, a three-element ULA
has two zeroes on the unit circle (z1 and z2), resulting in two
notches in the radiation pattern with the main beam pointing
to 9 = 0◦.

To steer the notches to desired directions, we need to adjust
the coefficients of the AF polynomial, as

AF =

N−1∑
n=0

bne jn9
=

N−1∑
n=0

bnzn (2)

where the coefficients b0,1,2,...,N−1 represent the weights
assigned to individual antenna elements. Since these weights
can be complex values, we can generally divide previ-
ously reported notch steering methods into three categories:
amplitude-only tuning [17], [18], phase-only tuning [19], [20],
[21], and combined amplitude and phase tuning [22], [23],
[24], [25], [26]. This section offers an overview of these
techniques.

A. Notch Steering Based on Amplitude-Only Tuning

Equation (2) can be reorganized [15], as

AF =

N−1∏
i=1

(z − zi ) (3)

where z1,2,...,N−1 represent the zeros of the AF. If only con-
jugate pair zeros are considered as a solution of (3), then (3)
can be further simplified as

AF =



(N−1)/2∏
i=1

(z − zi )
(
z − z∗

i

)
, N is odd number

(z + 1)
N/2−1∏

i=1

(z − zi )
(
z − z∗

i

)
, N is even number.

(4)

It is important to note that the conjugate zero pairs in (4)
contribute purely real coefficients, as

(z − zi )
(
z − z∗

i

)
= z2

− 2 cos9i z + 1. (5)

Fig. 3. Notch steering toward the left sidelobe of a four-element array
based on amplitude-only tuning. Note that this method leads to a significant
main-beam power degradation of 2.9 dB.

This implies that the coefficients b0,1,2,...,N−1 in (2) are all
purely real. In essence, notch steering can be achieved by only
adjusting the amplitude of each antenna element.

However, amplitude-only notch steering comes at the cost
of large main-beam power degradation. This is because some
of the channels need to work in the back-off region due to
reduced amplitude. For example, in a four-element array, (b0,
b1, b2, b3) = (1, 1−2 cos91, 1−2 cos91, 1). When steering a
notch toward the left sidelobe (i.e., θ1 = −47◦, see Fig. 3), the
normalized amplitude becomes (0.43, 1.0, 1.0, 0.43), resulting
in a main-beam power degradation of 2.9 dB. It is interesting
to note that another notch is simultaneously created at the right
sidelobe of +47◦ due to the conjugate zero pairs.

B. Notch Steering Based on Phase-Only Tuning

It is mathematically complicated to derive a closed-form
solution for the phase-only tuning method. Instead, it can be
framed as an optimization problem [22], as

min :

N−1∑
n=0

cn|bne jψn − bn|
2 (6a)

s.t: AF|θ0 =

N−1∑
n=0

bne j (n9+ψn)|θ0 = 0 (6b)

where b0,1,2,...,N−1 are predetermined weights assigned to indi-
vidual antennas in the absence of notch steering, θ0 represents
the desired notch direction, and ψ0,1,2,...,N−1 represent the
phase tuning applied to the antennas. Equation (6b) ensures
the AF forms a notch in the desired direction, while (6a) guar-
antees minimal deviation from the original antenna weight.
Coefficients cn are introduced to allow flexibility to this
optimization problem.

Overall, (6) outlines a nonlinear optimization problem. For
scenarios where the phase tuning ψn is small, the equation
can be linearized, and an analytical solution to this linear
approximation is detailed in [20]. If we apply this technique to
steer a notch toward the left sidelobe of a four-element array,
the sidelobe indeed gets attenuated, with a main-beam power
degradation of 0.7 dB [see Fig. 4(a)]. However, the achieved
notch direction shifts from the desired −47◦ to −50.5◦ due
to the linear approximation. Kajenski [21] introduces another
method based on semidefinite program to approach (6) without
the need for linear approximation. As a result, the notch can
be precisely placed in the desired direction [see Fig. 4(b)].
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Fig. 4. Notch steering toward the left sidelobe of a four-element array
based on phase-only tuning, using (a) linear approximation method [20] and
(b) semidefinite program method [21]. Note that both methods lead to a
significantly stronger sidelobe on the right.

However, it is worth noting that both methods lead to a
significantly stronger sidelobe on the right, with a sidelobe
level of −5.1 and −5.2 dB, respectively.

C. Notch Steering Based on Combined Amplitude and Phase
Tuning

Employing both amplitude and phase tuning brings more
degrees of freedom for notch steering. There exist several
methods for determining the desired amplitude and phase for
each antenna element [23], [24], [25]. One notable method is
zero-forcing [26].

In zero-forcing, the complex weight W is derived as the
pseudoinverse of the channel matrix H , as

W = (H H H)−1 H H . (7)

Here, (·)H denotes the Hermitian transpose, and H =

[h1, h2, . . . , hk] represents the N × K channel matrix for K
users. For a line-of-sight (LOS) channel, hk = [1, e jβk , . . . ,

e(N−1) jβk ]
T

∈ CN×1, which is the same as the classic beam
steering vector of a ULA.

It is important to recognize that zero-forcing involves matrix
multiplication and inversion. Although the complex weight
W can be realized at the transceiver frontend using VGA
and PS, the computation of W can only be performed in the
digital backend. This digital computation can incur high power
consumption and latency.

Two notch steering examples using the zero-forcing method
for a four-element array and a 16-element array are shown
in Fig. 5(a) and (b), respectively. When the notch is cre-
ated in the first sidelobe direction, the resulting main-beam
power degradation is 1.73 dB for the four-element array
[see Fig. 5(a) and (c)]. This power degradation plateaus at
∼2.0 dB as the array size increases up to 128 elements, which
is due to the sidelobe level becoming saturated at ∼−13.3 dB

Fig. 5. Using zero-forcing to cancel the first sidelobe of (a) four-element
array and (b) 16-element array. (c) Main-beam power degradation versus the
number of antenna elements. (d) Normalized amplitudes of the 16-element
array after applying zero-forcing.

Fig. 6. (a) All selectable complex weights using an ideal 6-bit PS paired
with a VGA with a 10-dB tuning range and a 1-dB/step amplitude resolu-
tion. (b) Achieved notch depth versus notch direction (outside the −10-dB
beamwidth) for a four-element array using zero-forcing. (c) Notch depths
under different VGA and PS resolutions using zero-forcing.

with increased element count [see Fig. 1(c)]. Fig. 5(d) plots the
normalized amplitudes for the 16-element array after applying
the zero-forcing. The minimum element amplitude is ∼0.65×

(equivalent to −3.7 dB).

D. Notch Steering Performance Evaluation Using Digitally
Controlled VGA and PS With Finite Resolution

In mmWave arrays, amplitude scaling and phase shifting
for each antenna element are typically achieved using digitally
controlled VGA and PS, respectively. This section investigates
the impact of finite tuning range and resolution of the VGA
and PS on the achievable notch depth. Since combined ampli-
tude and phase tuning usually outperforms amplitude-only or
phase-only tuning, zero-forcing is used here as a demonstration
vehicle.

Fig. 6(a) illustrates all selectable complex weights in the
I/Q plane, assuming a 6-bit PS (which provides a phase tuning
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resolution of 5.625◦) paired with a VGA with a 10-dB tuning
range and a 1-dB/step amplitude resolution. These are all
reasonable assumptions based on recently published mmWave
beamformers at 28 GHz [30], [31], [32], [33], [34]. With these
parameters, Fig. 6(b) plots the achieved notch depth versus the
notch direction for a four-element array using zero-forcing.
Here, we assume the main beam is pointed toward 0◦ and the
notch is steered outside the −10-dB beamwidth (−22◦ to 22◦

for a four-element array). Due to limited resolutions of the
PS and VGA, the worst-case notch depth is only 26.1 dB
[see Fig. 6(b)], which barely meets the required SINR for
demodulating 64-QAM signals. Furthermore, when steering
the notch from ±22◦ to ±90◦, 36.3% of the angular region
suffers from notch depths less than 35 dB.

The achievable notch depth can be increased by improving
the resolutions of the VGA and PS, as demonstrated in
Fig. 6(c). In Fig. 6(c), we also highlight the required VGA
and PS resolutions in order to achieve 35-dB notch depth.
Setting the VGA resolution to 0.5 dB/step necessitates an
8-bit PS, corresponding to 1.4◦ phase tuning resolution. Such
a high-resolution requirement is clearly nontrivial for practical
implementations at mmWave.

III. PROPOSED NOTCH STEERING SCHEME USING A SET
OF AUXILIARY-PATH VECTOR MODULATORS

A. Adding an Auxiliary Path for Notch Steering

To enable notch steering weight computation in analog,
while achieving a large notch depth without the need for
high-resolution PS, we propose a new notch steering scheme
by introducing an auxiliary path to each antenna element,
as shown in Fig. 7(a). Here, the main beam is directed toward
the desired direction using the main-path PSs, similar to a
conventional phased array. On top of that, an auxiliary path
is used to generate a second beam, namely the interference-
canceling beam. This interference-canceling beam has the
same amplitude but a 180◦ phase shift compared to the main
beam in the notch direction. By spatially combining the AFs
of the main beam with the interference-canceling beam in the
far-field, a spatial notch can then be generated [29].

For an N -element linear array, the overall AF of the spatially
combined main beam and interference-canceling beam can be
derived as

AFtot =

N−1∑
n=0

e jn9
+ ξ

N−1∑
n=0

e jn8

=

N−1∑
n=0

e jn(π sin θ+β)
+ ξ

N−1∑
n=0

e jn(π sin θ+α) (8)

where ξ and α represent the amplitude scaling factor and phase
gradient of the auxiliary path, respectively.

If the desired notch direction is denoted as θ0, (8) should be
equal to zero at θ0. Consequently, the required scaling factor ξ
can be found as

AFtot at θ0 = 0

⇒ ξ = −e j N−1
2 (β−α)

×

sinc
[

N β−α

2π

]
sinc

[
β−α

2π

] . (9)

Fig. 7. Proposed notch steering scheme to realize (a) notch in the right
sidelobe direction (47◦) and (b) two notches in two different directions
(47◦ and −60◦).

Upon substituting ξ from (9) into (8), the resulting overall AF
in the main-beam direction (θm) is given as

AFtot at θm = N

1 −

 sinc
[

N (β−α)

2π

]
sinc

[
β−α

2π

]
2. (10)

To steer the notch outside the −10-dB beamwidth, the
maximum scaling factor (ξmax) is calculated to be 0.32. In our
prototype implementation (see details in Section IV), ξ is
designed to be 0.4 to leave some margin.

Other than notch steering, this scheme may also find appli-
cations in dual-polarization arrays [35], [36], [37] to enhance
the cross-polarization level.

B. Scalability and Main-Beam Power Degradation

Additional auxiliary paths can be added if more spatial
notches are needed. As shown in Fig. 7(b), two notches toward
different directions can be synthesized using two auxiliary
paths. To facilitate the integration of auxiliary paths, their
implementation has to be compact. To achieve this, we come
up with a scheme that allows the auxiliary path to be designed
only using transistors without passive elements. The design
details are presented in Section IV-A.
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Fig. 8. Demonstration of the proposed scheme to steer a notch toward the
first sidelobe direction of a 16-element array.

Fig. 9. Main-beam power degradation of the proposed notch steering scheme
versus the number of antenna elements.

The proposed notch steering scheme also remains effective
when scaling up the number of antennas. Fig. 8 shows the AF
of a 16-element array when a notch is steered toward the first
sidelobe. A deep spatial notch is created with a main-beam
power degradation of only 0.41 dB.

In terms of main-beam power degradation, the largest degra-
dation happens when the notch is steered toward the first
sidelobe [see Fig. 7(a)]. In this scenario, the main beam is
aligned with the sidelobe of the interference-canceling beam,
which is at least 20 dB lower than the main beam, leading to
negligible power degradation. Mathematically, the direction of
the first sidelobe (θSL1) can be approximated as

θSL1 ≈ sin−1
(

3
N

−
β

π

)
(11)

resulting in a maximum main-beam AF degradation of

AFtot at θm

N
|AFtot at θSL1=0 ≈ 1 −

[
sinc

( 3
2

)
sinc

( 3
2N

)]2

. (12)

For a four-element array, this degradation is only 0.65 dB. This
0.65-dB loss assumes the main-path amplitudes are normalized
to “1.” However, adding the auxiliary path may alter the
maximum amplitude per element. To account for this, Fig. 9
plots the maximum main-beam power degradation under two
scenarios: when the main-path amplitudes are normalized
to “1,” and when the combined main-path and auxiliary-
path amplitudes are normalized to “1.” In the latter scenario,
our scheme achieves 1.73-dB main-beam power degradation,
which is equivalent to that of the zero-forcing scheme.

C. Comparison With Zero-Forcing

In this section, we present a comparison between the
proposed notch steering scheme and the conventional

Fig. 10. Achievable notch depth versus notch direction for a four-element
array using (a) zero-forcing scheme and (b) our proposed scheme. Both
schemes use an identical setup of an 8-bit PS and a VGA with an amplitude
resolution of 0.5 dB/step.

Fig. 11. (a) Complex weights of the main-path and the auxiliary-path VMs,
where the auxiliary-path weights are overlaid onto (1, 0), which is the desired
main-path weight for steering the main beam to 0◦. (b) Achieved notch depth
for a four-element array using the complex weights highlighted in (a).

zero-forcing method. We consider a four-element linear array,
with its main beam pointed toward 0◦ and a notch steered
outside the −10-dB beamwidth.

From Figs. 6(c) and 10(a), it can be seen that with
a 0.5-dB/step amplitude resolution and an 8-bit PS, the
zero-forcing scheme achieves a worst-case notch depth
of 34.9 dB. If we combine the main-path weight and auxiliary-
path weight as a single complex weight using (8), our scheme
achieves an equivalent notch depth under the same VGA and
PS resolutions [see Fig. 10(b)]. This result demonstrates the
effectiveness of our algorithm assuming the same VGA and
PS implementation as zero-forcing.

However, it is important to recognize that the zero-forcing
algorithm requires matrix multiplication and inversion in the
digital domain to determine the antenna weight, introducing
large power consumption and latency. In contrast, for the
proposed approach, the weights of the main and auxiliary paths
(i.e., their respective phase shifts) can be computed separately
using (8), and this computation can be efficiently realized
on-chip [28] by leveraging phase-shifting look-up tables that
are commonly available in today’s phased-array frontends.
Consequently, the overall computational cost and latency of
our proposed scheme are significantly lower.

D. Implementing Main and Auxiliary Paths Using Vector
Modulators

As mentioned in Section III-C, to realize a 35-dB notch
depth using the conventional setup requires an 8-bit PS
(equivalent to a phase tuning resolution of 1.4◦), posing a
significant design challenge. Therefore, we propose to realize
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Fig. 12. Notch depth achieved using a 6-bit VM without the auxiliary
path. The worst-case notch depth is 1.4 dB lower than that achieved when an
auxiliary path is introduced.

Fig. 13. TX architecture with the proposed notch steering scheme.

the main-path and auxiliary-path complex weights using two
VMs. To illustrate this, we overlay the complex weights of the
auxiliary-path VM onto those of the main-path VM, as shown
in Fig. 11(a), assuming a 5-bit resolution for each VM. In this
plot, we scale the maximum main-path weight to “1” and
highlight all possible weights for steering a notch outside the
−10-dB beamwidth. It can be seen that implementing the
auxiliary path using a VM enables finer interpolations in
the I/Q plane, thereby effectively reducing the quantization
error. Using this setup, we achieve a notch depth of >35 dB,
as shown in Fig. 11(b).

Moreover, it is important to note that introducing an
auxiliary-path VM is more effective than simply increasing
the bit resolution of the main-path VM. As shown in Fig. 12,
employing a 6-bit VM without the auxiliary path results in
a smaller achievable notch depth of only 33.6 dB. To realize
the desired 35-dB notch depth, we need to increase the VM’s
effective number of bits (ENOB) to 7 bits or more, which is
challenging to implement in practice.

IV. IMPLEMENTATION DETAILS OF THE 28-GHZ HYBRID
BEAMFORMING TX PROTOTYPE

To demonstrate the proposed notch steering scheme,
we implement a 28-GHz hybrid beamforming TX array [29].
The TX architecture is shown in Fig. 13. It is designed to sup-
port K independent DSs, with each DS routed to all N antennas
in an FC fashion. In our proof-of-concept demonstration,
K = 2 and N = 4. Vi j denotes the RF input signal for
the DS #i at the j th channel. Within the j th RF channel,
the main-path VM realize the desired beamforming, while the
auxiliary-path VM achieve the notch steering. Their combined

Fig. 14. (a) VM schematic including the main path and auxiliary path. (b) EM
model of the folded-transformer-based I/Q generation network. (c) Schematic
of the digitally controlled VGA cells.

output, represented as Vi j (̸ βi j + ξi j ̸ αi j ), is subsequently
amplified by a power amplifier (PA).

A. Main-Path and Auxiliary-Path Vector Modulators

The schematic of 5-bit main-path and auxiliary-path VMs
is shown in Fig. 14(a). The input RF signal is first split
into differential in-phase (I) and quadrature (Q) signals
using a folded-transformer-based I/Q generation network [38]
[see Fig. 14(b)], which offers magnetic field enhancement for
size reduction (203 × 203 µm). Capacitors C1 and C2 are used
to minimize the amplitude and phase mismatches between the
I and Q signals. The I/Q outputs are then routed to I/Q VGAs
through 100-� differential transmission lines (T-Lines).

The phase shifting is achieved by adjusting the current
weighting of I/Q VGAs. As shown in Fig. 14(c), each VGA
includes four binary-weighted cells (±1 to ±8) and a half-
bit (+1/0), offering a normalized gain from “−15” to “+16”
[39]. These VGA cells are designed as differential cascode
amplifiers controlled by tail switches. When the control signal
S is high (or low), the left (or right) branch of the VGA
cell is turned on, yielding a “+” (or “−”) output current.
One advantage of this topology is that both the VGA input
and output are always loaded by one “ON” and one “OFF”
differential pair regardless of the VGA weighting, ensuring a
constant input and output capacitance. The input capacitance
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Fig. 15. (a) Second harmonic feedback from drain to gate. A second harmonic
trap is added at the gate to enhance linearity. (b) and (c) Equivalent circuits
at the fundamental frequency and second harmonic, respectively.

is resonated out by a differential inductor L p. The output
capacitance is absorbed into the output transformer design.
The transformer outputs of the two DSs are current summed
and further amplified by a three-stage PA.

As mentioned in Section III-A, the amplitude scaling factor
of the auxiliary path is designed to be 0.4× for notch steering.
Since differential I and Q signals are readily available from the
main-path VM, this amplitude scaling is achieved by reducing
the size of auxiliary-path VGA cells [see Fig. 14(a)]. Consid-
ering that the VGA cells are designed only using transistors,
the chip area overhead introduced by the auxiliary-path VM
is kept minimal.

B. Three-Stage Power Amplifier

For a hybrid beamforming TX with multiple independent
DSs, the linearity and efficiency of the PA are particularly
important [40]. In terms of linearity, it is known that the second
harmonic at the output drain terminal can feedback to the
gate and then mix with the fundamental tone, generating IM3
distortions and thereby degrading the PA linearity [41]. This
mechanism is conceptually illustrated in Fig. 15(a). Recent
research has shown that adding a second harmonic trap at the
drain, which provides a low-impedance path for the second
harmonic, can improve the PA linearity [42], [43]. However,
as PA efficiency is sensitive to harmonic terminations, having
a second harmonic short at the PA output may compromise its
efficiency. To illustrate this, we perform a second harmonic
loadpull simulation for our cascode output stage, as shown in
Fig. 16. The simulation result indicates that our PA actually
prefers a high second harmonic impedance to achieve a Class
F−1-like output voltage waveform for better efficiency.

To filter out the second harmonic while keeping high
efficiency, we introduce a second harmonic trap at the gate.
Additionally, the output balun is designed to realize a high
impedance at the second harmonic along with the desired
optimal impedance at the fundamental frequency (see Fig. 16).
The second harmonic trap consists of an inductor L t and two
capacitors Ct . At the fundamental frequency, L t is shorted to
the ground, and two Ct are incorporated into the matching
network design [see Fig. 15(b)]. At the second harmonic,
Ct and 2L t form a series LC resonance [see Fig. 15(c)], cre-
ating a second harmonic trap. The inductor L t is implemented
using two shunt inductors in parallel to maintain symmetry.

Fig. 16. Second harmonic loadpull simulation for the cascode output stage.
Although a second harmonic short at the PA output can improve the PA
linearity, it may compromise the efficiency.

Fig. 17. PA standalone test structure. (a) Schematic, (b) die micrograph, and
(c) and (d) large-signal continuous-wave measurement results at 28 GHz.

A compact footprint of 44 × 44 µm is achieved through a
three-turn coil design.

The complete schematic of the three-stage PA is shown
in Fig. 17(a), consisting of a cascode output stage and two
common-source driver stages. To characterize its performance,
we implement a standalone PA test structure, with its chip
micrograph shown in Fig. 17(b). At the center frequency
of 28 GHz, it achieves 32.5-dB power gain, 19.6-dBm
output 1-dB compression point (P1 dB), 20.1-dBm output satu-
rated power (PSAT), and 37.4%/39.1% power-added-efficiency
(PAE) at P1 dB/PSAT [see Fig. 17(c)]. The measured AM-PM
distortions are 5.4◦ and 11.1◦ at P1 dB and PSAT, respectively
[see Fig. 17(d)]. These performance metrics demonstrate state-
of-the-art linearity and efficiency compared with recently
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TABLE I
PERFORMANCE COMPARISON WITH RECENTLY REPORTED 28-GHz PAS IN ANTENNA-ARRAY DEMONSTRATIONS

Fig. 18. (a) Chip micrograph of the four-element FC hybrid beamformer. (b) S-parameters measurement results. (c) Single-channel large-signal measurement
at 29 GHz. (d) Single-channel P1 dB versus frequency. (e) Single-channel PSAT versus frequency.

reported 28-GHz PAs that are integrated into antenna arrays
(see Table I).

V. MEASUREMENT RESULTS

The TX prototype is implemented in the GlobalFoundries
45-nm CMOS SOI process. The chip micrograph is shown
in Fig. 18(a). This section presents our measurement results
based on probing and OTA tests.

A. Probing-Based Measurement Results

The measured S-parameters from the chip input to the
channel output are shown in Fig. 18(b). The power gains
of the two DSs are well-matched, achieving a 3-dB band-
width from 26.2 to 31.1 GHz and a peak gain of 25.0 dB
at 29.4 GHz. Large-signal power sweep at 29 GHz and
large-signal frequency sweep are shown in Fig. 18(c)–(e). The
two DSs present almost identical large-signal performance,
achieving 19.7-dBm OP1 dB, 20.4-dBm PSAT, 27.9% PAE at
OP1 dB, and 30.6% peak PAE at 29 GHz, which demonstrates
state-of-the-art TX output power, efficiency, and linearity.
From 24 to 31 GHz, the two DSs achieve >18.6/20.1-dBm
OP1 dB/PSAT with >22.2%/26.5% PAE at OP1 dB/PSAT.

Next, we characterize the phase-shifting performance of
main-path and auxiliary-path VMs using the setup shown in

Fig. 19(a). When measuring the main-path (or the auxiliary-
path) I/Q constellation, the gain of the other path is set to
be zero. In the measurement, the I/Q VGA control code
is incremented from 0 to 31 to generate I/Q VGA output
weights from “−15” to “+16,” resulting in a total of 1024 I/Q
constellation points. As shown in Fig. 19(b)–(d), 120 out of
146 points are selected within the 1-dB ring to steer the main
beam, achieving a 3◦ phase shift resolution, a 0.96◦ root-
mean-square (rms) phase error, and a 0.28-dB rms amplitude
error at 29 GHz. The measured rms phase and amplitude
errors remain consistent from 24 to 31 GHz. The measured
constellations of the main-path and auxiliary-path VMs for
all four channels are shown in Fig. 20, demonstrating great
consistency. The output power in these measurements is set to
be 9-dB back-off from OP1 dB, which resembles the averaged
output power of amplifying two independent single-carrier
(SC) 16-/64-QAM signals each with ∼6-dB peak-to-average
power ratio (PAPR).

From the measured I/Q constellations, the main-path and
auxiliary-path VMs settings can be determined based on (8)
and (9), respectively. After selecting the desired settings,
we program the chip, probe the outputs of the four channels
sequentially, and synthesize the AF in MATLAB. When the
main beam is fixed at 0◦ and the spatial notch is steered
from ±22◦ to ±90◦ (i.e., outside the −10-dB beamwidth of
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Fig. 19. (a) VM constellation measurement setup. (b) Measured main-path VM constellation with 9-dB PBO from OP1 dB at 29 GHz. (c) Measured main-path
VM phase quantization error and (d) magnitude quantization error at 29 GHz.

Fig. 20. (a)–(d) Measured constellations for the four main-path VMs. (e)–(h) Measured constellations for the four auxiliary-path VMs. All measurements
are performed at 9-dB back-off from OP1 dB at 29 GHz.

Fig. 21. (a) Notch depth and main-beam power degradation versus notch
angles. (b) Demo showing the sidelobes are rejected for both DSs.

the main beam) with 1◦ per step, the achieved notch depth
is >35 dB, and the main-beam power degradation remains
<0.7 dB, as shown in Fig. 21(a). Additionally, a two-DS
notch steering demonstration is shown in Fig. 21(b). The main
beams of DS #1 and #2 are pointed toward 30◦ and −13◦,
respectively. In this case, the sidelobe of one DS is aligned
with the main beam of the other DS. By enabling the auxiliary-
path VM, deep notches of >45 dB are synthesized in the
two sidelobe directions with <0.7 dB of main-beam power
degradation for both DSs.

B. OTA CW Measurement Results

The TX chip is wire-bonded to a printed circuit board
(PCB) and interfaced with a four-element λ/2-spaced dipole

antenna array for OTA measurements, as shown in Fig. 22(a).
The PCB is designed using a two-layer Rogers RT/duroid
5880 substrate.

The antenna pattern measurements are performed inside
an antenna chamber. As shown in Fig. 22(b), the separation
between the packaged TX and the RX horn antenna is 0.5 m,
resulting in a free-space path loss (FSPL) of 55 dB at 29 GHz.
Before enabling the notch steering, we first measure the array
scanning performance. Fig. 22(c) presents the measured beam
pattern when the main beam is steered from −45◦ to 45◦.
When the main beam is steered toward 0◦, the measured 3-dB
beamwidth is 26◦. The measured equivalent isotropic radiated
power (EIRP) at the 1-dB compression point (EIRP1 dB) is
29.8 dBm.

Next, we set the main beam to be 0◦ for DS #1 and steer
the notch toward the sidelobe. As shown in Fig. 23(a), before
enabling the notch, the sidelobe level is −12.1 dB at −47◦

(indicated by the blue line). Upon activating the auxiliary path,
a notch depth of 41.9 dB and a main-beam power degradation
of 0.34 dB are achieved. Fig. 23(b) presents the beam pattern
measurements for two DSs. The main beams of DS #1 and
DS #2 are pointed toward −13◦ and 30◦, respectively. Under
this scenario, the sidelobe of DS #1 coincides with the main
lobe of DS #2 and vice versa. After enabling the auxiliary-
path VM, the achieved notch depths are 37.8 and 30.2 dB,
respectively, for the two DSs.
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Fig. 22. (a) TX chip packaged with on-board dipole antennas. (b) OTA measurement setup. (c) Measured beam patterns.

Fig. 23. (a) Measured patterns with the auxiliary-path VMs enabled to
cancel the sidelobe. (b) Measured patterns to steer two spatial notches for the
two DSs.

Fig. 24. (a) Measured notch depth and main-beam power degradation with the
main beam fixed at 0◦ and the notch swept across different angles. Measured
beam patterns when the notch is positioned at (b) −50◦ and (c) 40◦.

We also steer the notch outside the −10-dB beamwidth
from ±50◦ to ±25◦ with an increment of 5◦. The correspond-
ing notch depths and main-beam degradation are shown in
Fig. 24. Except at −30◦, the achieved notch depth consistently
exceeds 35 dB. It is also important to note that the main-beam
power degradation remains <0.8 dB during notch steering.
These measurement results closely align with our simula-
tions presented in Section III and probing-based measurement
results in Section V-A, demonstrating the robustness of our
proposed notch steering scheme.

C. OTA Modulation Measurement Results

Finally, we perform two OTA modulation demonstrations.
The received signal at the far-field is picked up by a horn
antenna and monitored using a spectrum analyzer.

In the first demonstration [see Fig. 25(a)–(d)], DS #1 trans-
mits a 400-MSym/s SC 64-QAM modulated signal at 29 GHz
toward 0◦. Meanwhile, DS #2 sends out a 29-GHz CW signal
toward 45◦ with its sidelobe pointing to 0◦, thus serving as
a strong co-channel interference for DS #1. The integrated
power of DS #1 and #2 are both set to be 9-dB back-off
from OP1 dB.

When only DS #1 is turned on, the measured error vector
magnitude (EVM) is −30.4 dB with an EIRP of 20.8 dBm
[see Fig. 25(a)]. After turning on DS #2 but without enabling
the spatial notch, DS #1 cannot be demodulated due to the
insufficient SINR of 11.5 dB [see Fig. 25(b)]. Then, we enable
the auxiliary path of DS #2 to steer a spatial notch toward 0◦.
DS #1 can now be successfully demodulated with an EVM
of −28.9 dB and an EIRP of 20.6 dBm [see Fig. 25(c)].
Compared to the case without DS #2 [see Fig. 25(a)], the
EVM is degraded by 1.5 dB. This EVM degradation is due
to two reasons. First, the PA operates in the higher power
region after enabling DS #2, close to 6-dB back-off from
OP1 dB, which results in compromised linearity. Second, there
still exists a weak residue interference caused by DS #2
because of the finite notch depth. To characterize how much
attenuation is achieved for the interference, we disable DS #1
and compare the signal strengths before and after enabling
the spatial notch [see Fig. 25(b) and (d)]. The interference is
attenuated by 23.7 dB, which is equivalent to a notch depth
of 35.2 dB. This demonstration is repeated with increased TX
power, achieving an EVM of −25.2 dB at 22.0-dBm EIRP
when enabling notch steering for DS #2.

In the second demonstration, we apply the same
400-MSym/s SC 64-QAM modulation for DS #2 to show
the notch steering performance for a wideband co-channel
interference. To be able to distinguish between DS #1 and #2
on the spectrum analyzer, we offset their center frequency
by 200 MHz.

As shown in Fig. 25(e)–(h), after enabling the spatial notch
for DS #2 at 0◦, the measured EVM for DS #1 is −28.2 dB,
slightly lower than that in the first demonstration with a CW
interference [see Fig. 25(c)]. Nevertheless, this measurement
demonstrates that our proposed notch steering scheme is capa-
ble of suppressing wideband interference whose bandwidths
are comparable to the channel bandwidth of 5G NR signals.
Additionally, it demonstrates that our hybrid beamforming
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Fig. 25. (a) DS #1 transmits a 400-MSym/s 64-QAM signal toward 0◦, yielding an EIRP of 20.8 dBm and an EVM of −30.4 dB. (b) After turning on DS #2,
which is a CW interference whose sidelobe aligns with the main lobe of DS #1, DS #1 cannot be demodulated due to insufficient SINR. (c) After enabling
notch steering, DS #1 can be demodulated again with an EIRP of 20.6 dBm and an EVM of −28.9 dB. (d) Disabling DS #1 to illustrate the attenuation of
DS #2 by the notch steering. (e)–(h) Repeat the OTA demonstration but apply a 400-MSym/s 64-QAM signal for DS #2. Center frequency of DS #1 is offset
by 200 MHz so we can distinguish DS #1 and DS #2 on the spectrum analyzer.

TABLE II
PERFORMANCE COMPARISON WITH STATE-OF-THE-ART 28-GHz TXS SUPPORTING DUAL DSS

TX is able to support two concurrent, independent DSs toward
two spatial directions at the same frequency.

VI. CONCLUSION

This article presents a notch steering scheme that leverages
a set of auxiliary-path VMs to form an interference-canceling
beam. By spatially combining the AFs of the main beam
and the interference-canceling beam, a deep spatial notch is
created with minimal main-beam power degradation. Unlike
the conventional zero-forcing method that requires matrix
inversion in digital for spatial notch creation, our scheme
enables the computation of antenna weights in analog, sig-
nificantly reducing the computational cost and latency.

Leveraging this new notch steering technique, a 28-GHz
four-element FC hybrid beaming TX is demonstrated. It is
capable of concurrently transmitting two independent DSs

with a high SINR and a low main-beam power degradation.
In probing-based measurements, each TX channel delivers
19.7-dBm OP1 dB, 20.4-dBm PSAT, and 30.6% peak PAE
at 29 GHz, demonstrating state-of-the-art TX linearity and
efficiency performance. In OTA measurements, it achieves
29.8-dBm EIRP1 dB and is able to steer a spatial notch outside
the −10-dB beamwidth of the main beam, with a notch depth
of >35 dB and a main-beam power degradation of <0.8 dB.
Moreover, the packaged TX module demonstrates an EVM of
−25.2 dB for a 400-MHz 64-QAM signal with an EIRP of
22.0 dBm, while creating a spatial notch for the other DS.

A performance comparison with recently reported 28-GHz
TXs that can support dual DSs is summarized in Table II.
In addition to demonstrating the highest single-channel output
power and efficiency, this work is capable of simultaneously
supporting two independent, wideband modulated DSs in
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the same polarization through the proposed notch steering
scheme. The proposed scheme may find wide applications in
hybrid beamforming arrays to support spatial multiplexing for
SU-MIMO and MU-MIMO systems.
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