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ABSTRACT Existing beamforming arrays suffer from the size and cost of the RF front-end and digital
back-end components. In this paper, a novel hybrid beamforming configuration for wideband receivers is
introduced. The design replaces phase shifters and local oscillators (LO) with cross mixing antenna elements
to maximize diversity gain. In this paper, an analytical model of the cross mixing beamformer (CMB) is first
presented. Simulations are carried out showing that a maximum diversity gain can be achieved with the CMB
approach. Two prototypes were implemented using 2× 1 and 4× 2 element arrays and tested at 2.31 GHz.
Measured results show that CMB achieves coherent signal combining and can preserve the phase delay
information needed for hybrid beamforming setups.

INDEX TERMS Antenna arrays, antenna subarrays, beamforming, frontend circuitry, front end circuits
and systems, RF front ends, self-mixing, self-mixing array, self-mixing subarray, wideband apertures, wide
beamwidth.

I. INTRODUCTION
Future 5G communications links are expected to support data
rates 50 times faster than the current 4G Long-Term Evolu-
tion (LTE) networks. The enabling infrastructure is radio fre-
quency (RF) front-ends capable of handling this data increase
using wideband, but also very small in size, weight, and
low power. As such, there is a growing interest for reduced
size ultra-wideband (UWB) apertures and RF electronics to
enable compact integration on small platforms. Concurrently,
the small size of RF devices and antenna apertures for the
emerging 5G bands provides an impetus for realizing low
profile and portable systems.

To compensate for the higher losses associated with the
5G bands [1], high gain beamforming systems are required.
However, traditional analog [2]–[6] and digital [7]–[10]
beamformers suffer from intensive hardware requirements.
More in details, analog beamformers employ phase shifters at
the RF front-end [2]–[4] or at the local oscillator (LO) [5], [6],
as depicted in Fig. 1a and 1b, respectively. In both cases,
hardware modification or a phase control biasing system is
required to account for all possible angles of arrival (AoA).

The associate editor coordinating the review of this manuscript and

approving it for publication was Engang Tian .

As such, analog beamformers have limited spatial diversity.
In contrast, digital beamformers perform amplitude scaling
and shifting operations in the digital domain, as depicted
in Fig. 1c [7]–[10]. As opposed to analog beamform-
ing approaches, digital beamformers offer flexibility and
multi-beam generation [11]. However, digital configura-
tions require an analog-to-digital converter (ADC) for each
antenna element, implying high cost, size, and power
consumption.

To reduce hardware requirements, hybrid beamformers
[12]–[15] present an improved solution by combining both
analog and digital techniques, as depicted in Fig. 1e. The
antenna array is first divided into multiple sub-arrays. Then,
analog beamforming is performed in each sub-array using
phase shifters. This technique leads to a reduction in the
number of ADCs to only 1 per sub-array. However, hybrid
beamfomers remain restricted by the spatial resolution and
frequency of operation imposed by the phase shifters.

Recent topologies have employed the self-mixing con-
cept [16] instead of phase shifters to eliminate phase delays
associated with a specific AoA. In other words, mix-
ing antenna element signals with themselves can poten-
tially allow for coherent signal combining and maximum
diversity gain. Notably, recently proposed self-mixing
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FIGURE 1. Schematic of (a) RF-phase shifting beamforming, (b) LO-phase
shifting beamforming, (c) self-mixing beamforming, (d) digital
beamforming, and (e) hybrid beamforming architectures.

beamformers [16] can offer broad receive patterns with a
much finer resolution as compared to traditional beamform-
ers. However, the wide spatial coverage makes self-mixing
techniques more vulnerable to interference from other users
in a multi-user environment. We note that, signals at all
antenna elements become in phase after self-mixing. As such,
this approach is limited to analog beamforming topolo-
gies. Conversely, cross-mixing elements preserves the phase
delays between sub-arrays, and hence can be usedwith hybrid
beamforming configurations [17].

In this paper, we present a novel RF Cross-Mixing hybrid
Beamforming (CMB) technique for sub-6GHz 5G bands,
as depicted in Fig. 2, based on an element-to-element mixing
to achieve phase coherence in a sub-array. Our architecture
avoids the use of 1) analog phase shifters and bias control
circuitry and 2) LO sources, implying single chip integra-
tion. Importantly, cross-mixing avoids the limitations and
requirements of phase tuning, such as 1) fast response to
control signals, 2) amplitude changes as phase state changes,
3) isolation between the phase control switches, 4) phase
error and resolution limitation, 5) flat phase response over
the frequency band of interest. Therefore, our design provides
much finer angular resolution and phase delay cancellation
without the need for external bias control signals.

The paper is structured as follows: Section II provides an
overview of the self-mixing technique and its adaptation to
antenna array design. Section III gives a description of the
CMB architecture in linear array configurations. Section IV
gives the array factor of the cross-mixing design and decribes
the CMB in a sub-array setting. Sections V extends the analy-
sis to planar array and sub-array settings. Section VI provides
simulations and measurements to validate the CMB concept
in sub-array configurations.

II. SELF-MIXING TECHNIQUES
Self-mixing receivers often use a simple diode mixer [18]
to beat the received signals with one another. This approach
removes the need for phase shifters, simplifying the receiver’s
front-end, and the LO source is eliminated. This reduces
significantly the size and cost of the receiver. [18] removes
the need for a physical LO source. However, self-mixing has
the drawback of SNR degradation [19], [20]. Also, there is
a challenge with power balancing as the transmitted carrier
and information signals must be of equal power to achieve
the best conversion performance [19]. This implies that half
of the used power holds no information. For this reason,
other designs [21] use a low power carrier signal that is
separately amplified at the receiver via a power amplifier.
Alternatively, a frequency locking scheme [22]–[24] can be
employed at the receiver to lock its frequency to the carrier.
As such, the oscillator provides a fixed LO power for the

FIGURE 2. Cross-mixing beamforming (CMB) for a pair of elements from opposite sides of the array center.
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mixing process regardless of the received signal power level.
However, [22]–[24] are restricted to the range of the received
LO power needed for achieving locking state.

Other designs [25] employ phase-locked loops (PLLs). For
this approach, the carrier signal is used to lock the PLL to
generate a stable LO signal. However, such receivers suffer
from the added size, cost, and power consumption due to
the needed LO synthesizers. Receiver complexity also varies
with signal modulation and symbol rates, implying calibra-
tion. As such, receivers with PLL schemes exacerbates effi-
ciency and complexity when employed with large antenna
arrays.

Based on the above, simple, stable, low power, and
low complexity self-mixing designs are needed for large
arrays. For instance, an example of a simple design employs
diodes for self-mixing [16]. However, as mentioned ear-
lier, all self-mixing techniques are incompatible with hybrid
beamformers.

In this paper, a novel CMB architecture is presented for
hybrid beamformer techniques. As opposed to self-mixing
designs, in CMB, we mix signals from antenna pairs that
are symmetrically located with respect to the center of the
array. This CMB approach is depicted in Fig. 2. Compared
to [17], [26], each element cross-mixes with the opposite
element via a separate mixer to avoid information loss. Also,
our proposed design removes phase-locked loops [27] to
significantly reduce hardware requirements and improve sta-
bility. Notably, similarly to [21], the new design employs
low noise amplifiers (LNAs) to amplify the signals from
the oppositely placed antenna elements to achieve the best
conversion performance.

Using the presented CMB, a sub-array beamforming can
be realized, as depicted in Fig. 3. That is, cross-mixing can be
further integrated with digital beamforming, not feasible with
other designs [16]. Further filtering in the digital back-end
controls the beam pattern to the desired direction.

As with all conventional receivers, gain and phase mis-
matches between the antenna elements and RF chains
limit the precision of self-mixing beamformers that can be
achieved in practice. The resulting errors can be compensated
for by a one-time calibration for fixed errors resulting from
fabrication tolerance and imbalance between antenna and RF
elements, or by real-time periodic re-calibration to account
for random channel variations such as changes in receiver
noise temperature and voltage drifts. That is, delay lines or
phase shifters with phase control units can be used to account
for the phase mismatches.

III. CROSS-MIXING BEAMFORMER ARCHITECTURE
To demonstrate the operation of the CMB architecture, a sig-
nal model is first derived and subsequently validated via
simulations. To start with, we assume a transmitted signal,
expressed as:

s(t) = ARFcos(2π fRF t + φRF )+ ALOcos(2π fLOt + φLO)

(1)

FIGURE 3. Sub-arraying with CMB showing that the output of each
sub-array retains the phase delay information required for digital
beamforming operations.

where ARF and ALO denote the amplitude coefficients of the
RF and the LO signals, respectively. The frequencies fRF and
fLO refer to the RF and LO frequencies, whereas φRF and
φLO represent the corresponding signal phases. We remark
that channel noise is omitted in this study, as our concern is
to only study signal phase delays. Also, the RF signal in (1)
can be assumed to be narrowband with a fractional bandwidth
≤1%.

At the receiver’s side, we assume a uniform linearly spaced
antenna array having an even number of antenna elements N ,
as illustrated in Fig. 2. A signal arriving at an angle θ away
from broadside implies a progressive time delay, 1T , given
by

1T =
1L
c
=
dsinθ
c

(2)

In the above, 1L is the distance travelled by the wave to
reach the adjacent antenna element, c speed of light, and d is
the distance between adjacent array elements. The received
signal at the ith antenna element can then be expressed as:

yi(t) = y(t + i1T ) = ARFcos [2π fRF (t + i1T )+ φRF ]

+ALOcos [2π fLO(t + i1T )+ φLO] (3)

Using (2), the corresponding phase delay 1φRF of the
received RF signal is given by

1φRF = 2π fRF1T =
2π fRFdsinθ

c
=

2πdsinθ
λRF

(4)
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Similarly, the phase delay of the received LO signal is given
by

1φLO = 2π fLO1T =
2πdsinθ
λLO

(5)

Using the above, (3) gives

yi(t) = ARFcos(2π fRF t + i1φRF )

+ALOcos(2π fLOt + i1φLO) (6)

where we set φRF = φLO = 0 since only 1φRF and 1φLO
are relevant to the subsequent analysis.

As shown in Fig. 2, yi(t) is passed through a power divider.
Bandpass filters are then used to filter out the desired LO
and RF signals. The LO signal is subsequently amplified,
LOi, and fed to the opposite element chain for mixing with
its corresponding filtered RF signal, RFN−1−i. We note that,
as with conventional self-mixing receivers, the received LO
signal power is usually equal or less than the RF signal,
and hence cannot drive the mixer. Therefore, after filtering,
a proper amplification is crucial to ensure that the LO signal
is at least 10-15dB higher than the RF signal at the mixer port.

Next, following the circuit in Fig. 2, the RF signal from
the ith antenna element, RFi, is mixed with the signal from
the (N − 1 − i)th element, LON−1−i, to generate yproduct,i(t)
for the ith front-end chain. Similarly, the signal from the ith

antenna element, LOi, is mixed with the RF signal from the
(N − 1− i)th element, RFN−1−i, to generate yproduct,N−1−i(t)
for the (N−1−i)th chain. That is, pairs from opposite sides of
the array center are mixed. Notably, for an array of N antenna
elements, this CMB architecture yields N mixing processes.
Setting ALO = ARF = 1 and assuming no conversion

losses, the resulting output after mixingRFi and the LO signal
from the symmetrically opposite side of the array, viz. the
LON−1−i signal, gives

yproduct,i(t) = cos(2π fRF t + i1φRF )

× cos [2π fLOt + (N − 1− i)1φLO] (7)

As such, after filtering we get (see Fig. 2)

yproduct,i(t)

= cos [2π fRF+LOt + i1φRF + (N − 1− i)1φLO] (8)

yproduct,N−1−i(t)

= cos [2π fRF t + (N − 1− i)1φRF ]

× cos(2π fLOt + i1φLO)

= cos [2π fRF+LOt + (N − 1− i)1φRF + i1φLO] (9)

Doing so for all array element pairs, we have

ycombined (t)

= 2

N
2 −1∑
i=0

cos
[
N − 1− 2i

2
(1φRF −1φLO)

]
× cos

[
2π fRF+LOt +

N − 1
2

(1φRF +1φLO)
]

(10)

From (10), it is apparent that to achieve coherent
combining, we need

cos
[
N − 1− 2i

2
(1φRF −1φLO)

]
≈ 1 (11)

This implies that the LO frequency must equal the RF fre-
quency. The latter is interpreted as setting 1φLO = 1φRF ,
viz. fLO = fRF .
But concurrently, it is important to keep the RF and LO

frequencies different to achieve low noise reception. Accord-
ingly, a compromise in the choice of fRF and fLO is needed.
In a effort for a compromise, the condition (11) can be

modified to read

cos
[
N − 1− 2i

2
(1φRF −1φLO)

]
≥ 0.9 ≈ cos(

5π
36

) (12)

This condition is equivalent to achieving a theoretical array
gain up to 90% of its maximum value. Using (12), the corre-
sponding condition on the LO frequency is

fRF −
5c

36(N − 1)d
≤ fLO ≤ fRF +

5c
36(N − 1)d

(13)

We will employ this condition in our subsequent analysis.

IV. CMB ARRAY FACTOR
Using the CMB concept in Fig. 2, the corresponding array
factor is

AF =
[
ej(N−1)k

′dcosθ
+ ejkdcosθ × ej(N−2)k

′dcosθ

+ . . .+ ej(N−1)kdcosθ
]

(14)

where k ′ = 2π
λLO

.

Using (14), the total array pattern Et can be expressed as

Et (θ ) = Ee(θ )× AF (15)

where Ee(θ ) is the element pattern.
When fLO = fRF , (14) becomes

AF = N
[
ej(N−1)kdcosθ

]
(16)

As expected, the magnitude of the array factor is equal to N .
In other words, CMB achieves maximum array factor gain
that is independent of the angle of arrival. In this case, the total
array pattern Et only varies with the element pattern.

In the case of hybrid beamformers, a large array is
first divided into multiple sub-arrays. Each sub-array can
employ the CMB concept as in Fig. 3, using (10) and (13).
Specifically, in (10), we showed that the resulting phase of
the combined signal is equivalent to the summation of the
first and last elements of the array, viz. (N − 1)φ0, where

φ0 =
1
2
[1φRF +1φLO] (17)

Accordingly, as depicted in Fig. 3, the first sub-array com-
bines signals with an offset of (M−1)φ0, the second sub-array
yields an offset of (3M − 1)φ0, and so on. This implies
a phase difference between adjacent sub-arrays of 2Mφ0

VOLUME 9, 2021 59459
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FIGURE 4. A full-array of sub-arrays as individual elements.

(for sub-arrays with M elements). As such, cross-mixing can
be used with subsequent digital beamforming designs.

With a sub-array configuration, the total array pattern is

Et (θ ) = Ee(θ )× AFt (θ ) (18)

with AFt described as

AFt (θ ) = AFsub(θ )× AFfull(θ ) (19)

where AFsub is the array factor of one sub-array as described
in (14). AFfull is the full array factor considering sub-arrays
as individual elements [28], as shown in Fig. 4. Using (17),
AFfull can be expressed as follows

AFfull(θ ) =
[
1+ ej{2Mφ0} + . . .+ ej{2M ( NM −1)φ0}

]
(20)

V. TWO-DIMENSIONAL CROSS-MIXING ARRAY
In this Section, a signal model is derived considering a
two-dimensional array. To achieve the symmetry required for
CMB, the antenna pairs are mixed according to the number-
ing scheme shown in Fig. 5. We assume that the reference
antenna element is located at (x = 0, y = 0). Thus, the
coordinates of each antenna element are given by

dxy = (xdx , ydy) (21)

where dx and dy are the distances between the adjacent
antenna elements in the x and y axes, respectively, such as
(dx , dy) ≤ λRF/2.

For an angle of arrival defined by the elevation and azimuth
angles ψ and θ , respectively, the phase delay at each antenna
element can be expressed as

1φ(x,y) =
2π
λ

sinψ(xdx cos θ + ydy sin θ) (22)

That is, the received signal can be written as

sxy(t) = cos(2π fRF t +1φ(x,y),RF )

+ cos(2π fLOt +1φ(x,y),LO) (23)

where 1φ(x,y),RF and 1φ(x,y),LO represent the signal phases
of fRF and fLO, respectively.

Thus, by combining every cross-mixed pair of elements
together, the resulting signal can be expressed as

scombined (t) = Acombined × cos {2π fRF+LOt +1φcombined }

(24)

FIGURE 5. CMB mixes every pair of antenna elements in symmetry about
the array center and achieves coherent combining.

where

1φcombined = π sinψ{(Nx − 1)dx cos θ

+ (Ny − 1)dy sin θ}
[

1
λRF
+

1
λLO

]
(25)

where Nx and Ny are the total number of antenna elements in
the x and y axes, respectively, and

Acombined = 2× cos
[
π sinψ{(Nx − 1− 2x)dx cos θ

+ (Ny − 1− 2y)dy sin θ}(
1
λRF
−

1
λLO

)
]

(26)

As in the 1D case (refer to (12)), to achieve ≥ 90% of the
maximum theoretical combining gain, the following condi-
tion must be met:

fRF −1f ≤ fLO ≤ fRF +1f (27)

where

1f =
5c

36|(Nx − 1)dx cos θb + (Ny − 1)dy sin θb|
(28)

and θb satisfies the following

(Nx − 1)dx sin θb = (Ny − 1)dy cos θb (29)

By setting Ny = 0 and dy = 0 in (28) and (29), we validate
(13) for linear arrays

1f =
5c

36(Nx − 1)dx
(30)

Further, as depicted in Fig. 6, cross-mixing in sub-array set-
tings yields a phase delay between adjacent sub-arrays along
the x and y axes of 2Nxφx0 and 2Nyφy0 , respectively, where

φx0 = πdx sinψ cos θ
[

1
λRF
+

1
λLO

]
and φy0 = πdy sinψ

sin θ
[

1
λRF
+

1
λLO

]
.

Finally, the 2D array pattern can also be expressed as (18)
and (19), where

AFsub ≈ NxNy
[
ej{(Nx−1)kdx sinψcosθ+(Ny−1)kdysinψsinθ}

]
(31)
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FIGURE 6. CMB in two-dimensional sub-array settings preserves the
delay information between adjacent sub-arrays.

and

AFfull(θ ) = AFfull,x(θ )× AFfull,y(θ ) (32)

AFfull,x(θ ) =
[
1+ ej{2Nxφx0 } + . . .+ ej{2Nx (nx−1)φx0 }

]
(33)

AFfull,y(θ ) =
[
1+ ej{2Nyφy0 } + . . .+ ej{2Ny(ny−1)φy0 }

]
(34)

where nx and ny are the number of sub-arrays along the x and
y axes, respectively.

VI. SIMULATION AND EXPERIMENTAL VALIDATION
A. CMB IN LINEAR ARRAY CONFIGURATION
Simulations were conducted to validate the CMB concept.
To do so, we considered an initial two-element array having
an inter-element distance of d = λRF/2. Also, the RF
frequency was set to fRF = 2.31GHz, and using 1.67 GHz ≤
fLO ≤ 2.95 GHz. we chose fLO = 1.89 GHz. As depicted
in the AWR analysis of Fig. 7, the RF and LO signals are
received with additive white Gaussian noise (AWGN). Also,
the incoming signal was incoming from θ = 90◦.

FIGURE 7. AWR simulation diagram of a two-element CMB concept.

Using (4) and (5), the equivalent phase delays of the RF
and LO tones with θ = 90◦ will be 1φRF = 180◦ and
1φLO = 147◦, respectively. And as described in Fig. 2,
the RF signal from one antenna is mixed with the LO signal of
the second antenna. The resulting products imply a combined

FIGURE 8. Simulations showing a 2.7 dB gain using CMB for a
two-element array at AoA = 90◦.

FIGURE 9. (a) Fabricated CMB for a two-element triangular monopole
array. Testing was done indoors using a horn antenna for illumination,
and (b) Experimental setup.

signal received at fLO+ fRF = 4.2 GHz with a 3 dB gain. This
is depicted in Fig. 8 showing that the CMB array gain is near
its theoretical value.

A two-channel CMB was also fabricated and tested
to demonstrate a proof-of-concept. This is depicted
in Fig. 9 using commercial off-the-shelf (COTS) components.
As above, we chose the RF and LO frequencies to be
2.31 GHz and 1.89 GHz, respectively. A two-element trian-
gular monopole array receiver was fabricated, see Fig. 10,
on a Rogers DiClad 880 substrate, having a dielectric constant

VOLUME 9, 2021 59461
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FIGURE 10. Radiation pattern of the two-element triangular CMB
monopole array at (a) 1.89 GHz and (b) 2.31 GHz.

FIGURE 11. Normalized power plots showing the measured signal gain
after cross-mixing two array element signals at symmetrically opposite
locations within an array with incoming signal from a) θ = 0◦, (b) θ = 90◦.

of εr = 2.2, a dielectric loss tangent tanδ = 0.04, and a
thickness of 1.52 mm.

A link budget was also conducted to assess signal gain and
losses at the RF and LO frequencies. To do so, we employed
Friis link formula to express the received power, PRX (dBm),
as

PRX = PTX + GTX + GRX − LFS − LM (35)

In the above, PTX is the transmitted power (dBm), whereas
GTX and GRX are the transmitter and receiver antenna gain
(dBi), respectively. Further, LM accounts for receiver circuit
losses (dB), and LFS is the free space path loss (dB) given by

LFS = 20log10(4π
R
λ
) (36)

where R is the distance between the transmitter and
receiver.

For our setup, we set1R = 2m (viz. greater than Rfar field ).
As such, (36) yields LFS = 45dB at the LO and RF frequen-
cies, respectively. Notably, a 10 dBi horn antenna was used
to transmit the PTX = 21 dBm signals, as shown in Table 1.

1In our setup, D = 0.3m, and λmax = λLO = 0.158m. As such,
Rfar field ≥ 1.134m.

TABLE 1. Link budget estimation at 1.89 GHz and 2.31 GHz.

FIGURE 12. Schematic of the tested CMB design to study progressive
phase between adjacent sub-arrays.

FIGURE 13. Oscilloscope screenshot showing that phase delay
information is preserved after cross-mixing the sub-arrays at θ = 40◦.

Accordingly, (35) gives a received power of ∼ −20 dBm at
the RF and LO frequencies.

LNAs with 13 dB gain were used to amplify the received
signals before feeding them to the CMB module, as shown
in Fig. 9. Notably, the COTS mixers used in the test setup
require a ∼7 dBm LO drive level. As such, the 13 dB LNAs
were employed to also amplify the LO signal to ∼7 dBm.
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FIGURE 14. (a) Fabricated 4× 2 monopole array. (b) Monopole array in
sub-array setting. (c) Monopole array with 8-element CMB module.

FIGURE 15. Experimental setup of a 4× 2 triangular monopole array
using the CMB concept. (a) Four CMB modules using COTS. (b) Indoor
anechoic chamber measurements using a horn transmit antenna.

The resulting spectra of the mixed and combined signals
for broadside and θ = 90◦ reception are given in Fig. 11.
Notably, the spectra for each AoA are normalized at differ-
ent power levels to highlight the achieved combining gain.
Indeed, it is verified that CMB yields a maximum 3dB gain,
implying coherent signal combining.

Also, we tested our CMB module in sub-array settings,
as shown in Fig. 12. In this setup, two sub-arrays each two

FIGURE 16. Simulated and measured cross-mixed patterns of a 4× 2
monopole array (a) in a sub-array setting and (b) with 8-element CMB
module.

elements each were considered. Again, the RF and the LO
frequencies were 2.31 GHz and 1.89 GHz, respectively. This
setup was tested for θ = 40◦. Fig. 13 shows the measured
waveforms at the output of each sub-array after combining.
It is clear that CMB retains the phase/time delays, 1T0 =
0.03332ns as captured by the oscilloscope.

This above implies a phase delay of 1φ0 = 2π (fRF +
fLO)1T0 = 50◦ between the sub-arrays. This is equivalent to
an angle of arrival of θ = 38.8◦. Accordingly, cross-mixing
is capable of retaining the phase delay information between
the sub-arrays.

B. TWO-DIMENSIONAL CROSS-MIXING
A4×2monopole antenna arraywas also fabricated for testing
the CMB in a two-dimensional array setting (see Fig. 14a).
The elements are subdivided into four separate sub-arrays,
as shown in Figs. 14b and 15a. Each sub-array cross-mixes
two elements together. The distance between adjacent ele-
ments is set to dx = λRF/2 and dy = λRF/3. Similarly,
fRF = 2.31 GHz and fLO = 1.89 GHz.

The monopole array was placed on a rotary positioner (see
Fig. 15b). The latter allowed for measuring the cross-mixed
pattern along the azimuth plane, as shown in Figs. 14 and 15.

The simulated and measured sub-array patterns are
shown in Fig. 16a. We note that for both simulations
and measurements, different AoAs were considered ranging
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from−90◦ to 90◦. Fig. 16a shows that the simulated andmea-
sured patterns are in good agreement. The slight fluctuations
in the measurement are mainly due to fabrication tolerances
and misalignment with the rotary positioner axis.

Finally, the 4× 2 monopole antenna array was tested with
a single 8-element CMB module, as shown in Fig. 14c. Here
also, the measured pattern agrees closely with the simulation,
as shown in Fig. 16b. Notably, the simulated cross-mixed
pattern can be traced out by the beam-scanning patterns
at the different AoAs. Importantly, Fig. 16b shows that
cross-mixing self-adapts the element phases to the receiving
AoA.

VII. CONCLUSION
We presented a novel hybrid beamforming configuration
based on cross-mixing oppositely placed antenna elements
to achieve coherent signal combining. This concept of phase
delay cancellation is frequency independent and is highly
flexible as compared to conventional beamformers. Proto-
types were fabricated and tested in linear and planar array
configurations. Importantly, CMB is compatible with hybrid
beamformers and provides front-ends with enhanced degree
of flexibility.
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