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ABSTRACT The manuscript presents the design and characterization of a wideband front-end receiver,
based on hollow waveguide technology, for the wireless access point (WAP) applications. The Ka-band
receiver is comprised of a low-loss beam-switching antenna network (BSAN) with two-dimensional (2D)
scanning property. For demodulation, the receiver uses an efficient six-port network (SPN) that is composed
of four 90◦ hybrid couplers and a 90◦ phase shifter. To suppress the phase imbalance on the entire band of
interest, 27 GHz to 33 GHz, a frequency-independent phase shifter with a minimum phase error is suggested.
The SPN receiver is integrated with antenna-in-package in waveguide technology to decrease the insertion
losses and noise levels at the first stages. To determine the SPN phase errors, a theoretical and experimental
analysis of real-time wireless data transmission utilizing phase-shift keying (PSK) and quadrature amplitude
modulated (QAM) signal is conducted. Besides, channel capacity along with beamformer influence on
channel performance improvement are determined.

INDEX TERMS Antenna array, beam-switching antenna network (BSAN), direct modulation, homodyne
receiver, phase-shift keying (PSK), six port network (SPN), wireless access point (WAP).

I. INTRODUCTION
The exponential extension in the number of users in wire-
less communication systems, the importance of broad band-
width (BW) as well as higher data transfer rates, all have
recently resulted in the growing request of multimedia
services and mobile internets, especially for the upcom-
ing fifth-generation (5G) communication systems [1]–[6].
A Local Multipoint Distribution Service (LMDS) system
is capable of offering subscribers a variety of one- and
two-way broadband services, such as video programming
distribution; video teleconferencing; wireless local loop tele-
phony; and high-speed data transmission, e.g., internet access
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over 27.500 GHz–28.350 GHz, 29.100 GHz–29.250 GHz,
and 31.075 GHz–31.225 GHz bands [6]. A wireless access
point (WAP) is a networking hardware device that creates
a wireless local area network (WLAN), usually in an office
or large building. A WAP connects to a wired router or
switch, through an Ethernet cable, and projects a Wi-Fi
signal to the desired region (see Fig.1). In addition, the WAP,
is able to manage more than sixty simultaneous connections
individually [7]. By installing the WAPs throughout the
office, users can roam freely from room to room without
experiencing network interruptions [7]. One of the consid-
erable problems in the mmWave communication systems,
namely 27 GHz – 33 GHz here, is related to free-space
propagation loss. To overcome this problem, implementing
a high sensitivity receiver using a high-efficiency low-loss
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FIGURE 1. Application of the proposed BSAN (beam-switching antenna
network) for the wireless access point (WAP).

transmission line can be considered as a critical alternative.
Due to some reasons such as the multiuser systems, large
channel capacity with wide scanning coverage, as well as
high-power efficiency, the existence of intelligent subsys-
tems sounds valuable. The intelligent subsystems are usually
divided into two groups: adaptive arrays and beam switching
antenna networks (BSAN). However, because of the complex
configuration and redundant signal processing, implementing
the first group, adaptive arrays, would be costly. Alterna-
tively, because of not using digital controllers, BSAN is
realized as an inexpensive approach at the cost of a larger
size [8]. The BSANs are developed with diverse configura-
tions, such as the Butler matrix (BM) [8], Blass matrices [9],
Rotman lenses [10], and the Nolen matrix [11]. The BM
in comparison with others is considered as an uncompli-
cated and low-priced structure that can be embedded in
a small number of components. In the conventional BM,
the employment of the 45◦ phase shifter and crossover cou-
pler are mandatory, which leads to geometrical complexity
and performance degradation [8]–[12]. Point out that the
crossover is usually implemented utilizing two 3-dB cascaded
hybrid couplers, which raise the losses and increase the size
considerably [12], [13]. Thus, in terms of complexity, size,
bandwidth, losses, and phase errors, the implementation of a
BM topology without the crossover coupler and phase shifter
is realized as a substantial benefit [8]. Regarding some major
factors such as reducing circuit complexity and enabling a
higher level of circuit integration than conventional hetero-
dyne receivers, direct-conversion (zero-IF) receivers play a
substantial role in the wireless communications [14]. Six-
port network (SPN) has been one of the popular topologies
that is extensively employed in zero-IF receivers [15], [16].
The initial idea of the use of a six-port topology to study
the phase of a microwave signal was introduced in 1964 by
Cohn and Weinhouse [17], and expanded by Engen and
Hoer [18], [19] in order to precisely measure the complex
reflection coefficient in microwave network analysis [19].

In terms of the SPN application, there are two general
perspectives. Firstly, the measurement perspective as a reflec-
tometer and the second one as a direct conversion receiver for

wireless communications. Both methods take advantage of
simplicity and accurately retrieving the magnitude and phase
of a complex-valued signal [20]. In 1994, the six-port con-
cept was first introduced as a communications receiver [21].
Simply, the SPN might be realized as a black box including
two inputs and four outputs. In addition, the output ports are
terminated with power detectors. Characteristic relation or
correlation between two input signals (phase and amplitude)
can be examined once the relation between the input and
output ports are known. The only requirements are that the
six-port circuitry is linear and that the outputs are nonlinearly
dependent on each other. The four unknowns are achieved
from a few characteristic equations [14].

Generally, the six-port reflectometer is calibrated with
known test devices such as a sliding load [22]. However, this
can never be easy in practice, namely for the short-distance
radar systems such as an autonomous cruise control system
or a high-precision ranging system.

The reason is that the calibration takes considerable time
so that multiple standards should be satisfied to calibrate
each port [23]. The dynamic dc-offset voltage is considered
as one of main drawbacks of zero-IF receivers that cannot
be fully canceled out with respect to the calibration. Cor-
respondingly, the mismatches of the diode characteristics
along with the phase errors in a broadband SPN cannot
be omitted because it considerably degrades the perfor-
mance of the receiver system, particularly in terms of bit
error rate (BER).

This manuscript represents a broadband highly efficient
receiver for WAP application using hollow waveguide tech-
nology as a guiding system. The receiver consists of a
low-loss wideband BSANwith the capability of 2D scanning.
The proposed BSAN is fed by four standard waveguides
WR-28 as the input ports, which by different transitions are
connected to the 2× 2 open-ended waveguide antenna array.
Waveguide technologies can support propagation with lower
losses at mmWave bands. The focus of the project is to pro-
vide an integrated SPN receiver with antennas and the BSAN
in waveguide technology to eliminate possible transitions in
the first stages, and decrease the insertion losses and noise
levels. Implementing broadband and greatly efficient SPN is
considered as another contribution here. The proposed SPN
is comprised of a combination of four 90◦ hybrid couplers
and of a 90◦ phase shifter, which is experimentally charac-
terized and validated for signal quadrature down-conversion.
To reduce the phase imbalance on the entire band of interest,
27 GHz – 33 GHz, a new phase shifter is represented with the
least phase error instead of the use of the conventional delay
line with the narrow band property. In addition, a theoretical
and experimental analysis of real-time wireless data trans-
mission utilizing phase-shift keying (PSK) and quadrature
amplitude modulated (QAM) signal is effectively performed.
It is realized that how much the phase errors raised by the
90◦ phase shifter and 90◦ hybrid coupler might affect the
broadband receiver system performance in terms of time
response of pulses.
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FIGURE 2. General sketch of the 4× 4 BSAN including four inputs
connected to RF switch and four outputs as radiating antenna elements.

II. BEAM-SWITCHING ANTENNA NETWORK (BSAN)
The topology of a 4 × 4 BSAN with the capability of 2D
scanning is demonstrated in Fig. 2. The BSAN is comprised
of four 3-dB wideband and efficient 90◦ directional couplers.
The BSAN employed here does not use the phase shifter and
crossover coupling [8].

The radiating part of the BSAN employs 2 × 2 open-
ended waveguide antennas to achieve a 360◦ lateral scan in
90◦ steps. In addition, the RF switch, namely SP4T, enables
electronic scanning of the arraymain beam by connecting one
of the inputs of the BSAN to the transceiver [24]. Note that
the behavior of this kind of BSAN is fully determined in [8].
Referring to the topology depicted in Fig. 2, the 4× 4 BSAN
is comprised of four 3-dB 90◦ couplers. Basically, cascading
two or several sections and properly selecting the impedances
of the main and the coupled lines results in a wideband
hybrid coupler [25], [26]. The reason for being the narrow
bandwidth in a single hybrid coupler is based on the quarter-
wavelength lines. However, the type of guiding technology
is inherently considered as another main factor of bandwidth
matter. As aforementioned, the guiding technology employed
in this paper has been hollow waveguide. The coupler is
composed of two hollowwaveguides with a coupling aperture
in the common wall and two distracting appendages (see
Fig. 3(a)).

(β1 − β2)×
d2
2
=
π

4
(1)

Using the approach presented in [26], [27], the coupler per-
formance could be determined. Correspondingly, the coupler
is excited with the TE10 mode, however, the high order mode
of TE20 can be observed in the coupling region. As shown in
Fig. 3(b) and respecting (1), by exciting port P1, the received
signals at ports P2 and P3 can be as cos((β1−β2)× d2/2) and
sin((β1− β2) × d2/2), respectively. It is notable that β1 and
β2 are referred to as the propagation constants with respect to
TE10 and TE20 modes, respectively. Hence, the dimensions
for the coupler is achieved by [26]. In addition, due to the
existence of high order modes, the simulation optimization
is strongly recommended. Ultimately, the optimized dimen-
sions are given in the caption of Fig. 3. Fig. 4 exhibits the
numerical results of the scattering parameters along with the

FIGURE 3. Proposed coupler composed of two hollow waveguides with a
coupling aperture in the common wall and two distracting appendages.
(d1 = 6mm, d2 = 10.1 mm, d3 = 0.6 mm, a = 3.56 mm, and b = 7.11 mm).
(a) design of the proposed coupler and (b) the sketch of input ports.

FIGURE 4. (a) Frequency response of the s-parameters belonged to the
proposed hybrid coupler and (b) the amplitude and phase imbalance
response of the proposed hybrid coupler.

amplitude and phase imbalance responses of the proposed
hybrid coupler.

Obviously, the proposed coupler experiences a broadband
impedance matching (S11 ≤ −21 dB) and strong isolation
(S14 ≤ −21 dB) over the bandwidth of interest (27 GHz
to 33 GHz). To examine the amplitude imbalance and phase
imbalance over the operating frequency range, Fig. 4(b) is
given. It can be found out that the proposed hybrid coupler
covers the operating bandwidth with a phase tolerance of less
than 1◦ and the amplitude imbalance of ± 0.5 dB.

III. WAVEGUIDE ANTENNA DESIGN
Technically, the conventional waveguide antenna has a simple
structure in the form of the rectangular waveguide with wide
impedance bandwidth aswell as a broadside radiation pattern.
However, this type of antenna typically suffers from the large
aperture regarding the limited inter antenna element spac-
ing (λ/2) in the uniform antenna array structures. Namely,
WR28 with an aperture dimension of 7.112 mm × 3.556 mm
with the cutoff frequency of 21.077 GHz is extensively
used as a standard waveguide in the industry [28]. However,
designing a waveguide antenna array at 30 GHz will be
challenging because the aperture size (7.112 mm) is larger
than the element spacing of 5 mm (corresponding λ/2),
deterioration in the sidelobe level (SLL) [8].

In this paper, the SLLs are slightly sacrificed in lieu of
design simplicity. Hence, to generate symmetrical radiation
pattern in the azimuth plane maintaining design simplicity,
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FIGURE 5. (a) 3-D view of the 2× 2 open-ended waveguide antennas as
radiating part of the proposed BSAN and (b) 3-D view of the 2× 2
antennas when the side layer is partly removed. (a = 3.56 mm,
b = 7.11 mm, k = 0.5 mm).

FIGURE 6. Two types of transitions; (a) Transition #1 for converting
the horizontal WR28 to vertical WR28 and (b) Transition #2 for
converting the WR28 (3.5 mm × 7.11 mm) to the antenna aperture size
(7.11 mm × 7.11 mm). (a = 3.56 mm, b = 7.11 mm, t1 = 0.7 mm,
t2 = 2.3 mm, t3 = 2mm, t4 = 1 mm, w = 4.5 mm, s = 3 mm, n = 1 mm).

the aperture size of the single waveguide antenna is designed
in the form of a square. Fig. 5 depicts a sketch of the 2 × 2
open-ended waveguide antenna array. It can be observed
that the antenna aperture is 7.1 mm × 7.1 mm, where it is
fed by four WR28 input ports with dimensions 3.56mm ×
7.11mm. To connect theWR28 feeding lines to thewaveguide
antenna, two types of transitions are essential, as shown
in Fig. 5(b). For connecting the horizontal WR28 to vertical
WR28, for converting WR28 (3.5 mm × 7.11 mm) to the
antenna aperture size (7.11 mm × 7.11 mm). The 3-D view
of the schematic of both the transitions along with the design
parameters is exhibited in Fig. 6.

An optimization using Ansys HFSS [29] is performed to
obtain a broadband transition over the bandwidth of interest.
The frequency response of the reflection coefficient of two
types of transitions are shown in Fig. 7. It is clear that both
transitions have properly satisfied the impedance matching
requirements (S11 ≤ −20 dB) over the bandwidth of interest
(27 GHz – 33 GHz).

To realize the BSAN, all components including hybrid
coupler, transitions, feeding network, and antenna elements
are ready to be assembled in the entire design. However,
the aperture 2× 2 open-ended waveguide antenna due to the
physical nature, which has been made of metal, suffers from
the effects of induced surface waves, where they affect sig-
nificantly the radiating performance of the proposed BSAN.

To address this problem, the authors proposed a set of the
metal pins around the antenna aperture that behave as hard
and soft surfaces. We are able to suppress and eliminate the
induced surface waves around the aperture of the open-ended

FIGURE 7. Frequency response of the reflection coefficient of the
transitions shown in Figs. 5 (b) and 6.

FIGURE 8. (a) Primary design of the 2× 2 open-ended waveguide
antenna aperture, (b) the simulation results of the induced surface
current on the antenna aperture without employment of surface wave
canceler, (c) the proposed design for antenna aperture surrounded by the
metal pins as surface wave canceler (e = 0.6 mm, p = 1.43 mm,
D = 30 mm, and w = 15.72 mm), and (d) the surface current distribution
on the proposed design (with surface wave canceler).

waveguide antennas, which it can be resulted in improving
the SLL. In order to better realize this issue, Fig. 8 depicts
the surface current induced on the antenna aperture in two
different cases. In the first case as shown in Fig. 8 (a),
the radiating part of the BSAN is without surface canceler.

As shown in Fig. 8(b), considerable current surface dis-
tribution is observed around the antenna aperture, which
deteriorates the radiating performance of the proposed system
with degrading SLLs. Alternatively, with employment the
proposed solution as shown in Fig. 8 (c), the distribution
of current surfaces has been suppressed significantly (see
Fig. 8(d)), which it results in improving the total efficiency
of the network. To realize how the proposed BSAN function,
Fig. 9 is given.

The 3D radiation patterns of the proposed BSAN with
respect to the exciting ports are individually observed (see
Fig. 9). The total design of the proposed BSAN is shown
in Fig. 10. As mentioned before the proposed network is
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FIGURE 9. Simulated radiation patterns of the proposed BSAN at 30 GHz
with respect to the exciting ports; (a) Port 4, (b) Port 3, (c) Port 1, and
(d) Port 2.

FIGURE 10. Proposed design of the BSAN; (a) a cut of the middle
including the feeding network based on hollow waveguide, (b) the top
view of the structure including the radiating part, (c) the feeding network
in the first layer, and (d) photo of the second layer showing the 2× 2
open-ended waveguide antenna.

based on the hollow waveguide. To implement the design,
the BSAN has to be cut from the middle, as exhibited
in Fig. 10.

The feeding network of the BSAN including four hybrid
couplers along with four input ports are apparently observed
in Fig. 10 (a). From Fig. 10 (b) it can be observed that the radi-
ating part of the network is comprised of 2 × 2 open-ended
waveguide antennas, surrounded by the metal pins as the sur-
facewave canceller. The photos of two layers of the fabricated
BSAN are shown in Fig. 10 (c)–(d). The experimental and
numerical results of the scattering parameters related to the
proposed BSAN are presented in Fig. 11. It is notable that the
results are obtained when one of the input ports is excited,
namely port 1. Apparently, both the matching and isolation
levels are at a strong level (≤ −15 dB) over the bandwidth
of interest (27 GHz – 33 GHz). In addition, the gain curve of
the proposed BSAN is shown in Fig. 11, as well. It can be
observed that the simulated gain is higher than 13.5dBi over
the bandwidth (θ = 20◦, ϕ = 45◦).
It can be found out that the measured gain curve experi-

ences a slight fluctuation of±0.5 dBi over the frequency band
of interest, demonstrating great agreement with the numerical

FIGURE 11. Measured and simulated results of the scattering parameters
and gain of the proposed BSAN when it is excited by port 1.

FIGURE 12. Measured radiation patterns of the proposed BSAN at
frequencies of 28, 30, and 32 GHz when the BSAN is excited by (a) port 2
(up) and (b) port 1 (down). Note that solid and dashed lines represent the
co- and cross-polarized results, respectively.

results. It is notable that the gain and radiation pattern mea-
surements were performed in an anechoic chamber system.
The far-field measurement setup is tuned by moving the pro-
posed BSAN along with the horn antenna only in the upper
hemisphere (−120◦ to+120◦) at an interval of 5◦ (due strictly
to the measurement system restrictions). The experimental
results of the radiation patterns, when the proposed BSAN
is separately excited by ports 1 and 2, are depicted in Fig. 12.
Obviously, the radiation patterns indicate an almost stable
performance over the desired bandwidth.

IV. THE SIX-PORT NETWORK (SPN)
A. THEORITICAL DISCUSION
The six-port network (SPN) is a passive low cost circuit,
which is composed of the hybrid couplers and/or power
divider. The name ‘‘six-port’’ is directly derived from the
structure itself.

It features two inputs, one for RF (unknown) signal and
another one for the reference signal or local oscillation (LO),
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FIGURE 13. Block diagram of the analog front-end for down-conversion.

and four output ports, thus six ports [19]. The fundamental
principle of the SPN can be expressed by phase-controlled
superposition of two input signals RF and reference (LO)
that are superimposed under four various relative and static
phase shifts [30], [31]. One of the most efficient ways for the
six-port’s internal superposition of signals RF and LO is to
select integer multiples of π /2 for the static phase shifts [31].
If the power of the input signals is identical, constructive,
or destructive interaction occurs, depending on the values
of the phase difference and amplitudes, respectively. After
processing two signals in the radio-frequency (RF) domain,
the results are down-converted to baseband [20].

As shown in Fig. 13, a block diagram of the analog
front-end for down-conversion is presented. It can be seen
that the RF signal is received by the BSAN, where it is
controlled by RF switch (SP4T). Then, the received RF sig-
nal from the antenna is amplified by a low-noise amplifier
(LNA), where supplies the received signal to port 1 as one
of the input ports of the SPN. Note that the reference sig-
nal generated by the local oscillator (LO) feeds port 2 as
another input ports of the SPN. In addition, two other ports
of the SPN are terminated by two 50 � loads. According to
Fig. 13, the scatteringmatrix of the SPN can be represented as
follows;

[S] =
1
2


0 0 1 −j −j −1
0 0 −1 −1 −j −j
1 −1 0 0 0 0
−j −1 0 0 0 0
−j −j 0 0 0 0
−1 −j 0 0 0 0

 (2)

The input signal for each port is denoted as ai and the
output signal for each port is indicated as bi the waves. For
the SPN (see Fig. 13), two complex input signals RF and
reference can be expressed as [8]

a1 (t) = α (t) a ej(ω0t + φ1(t)) = α (t) a2 ej(ω0t + 1φ(t)) (3)

a2 = a ej(ωt + φ2) (4)

where two normalized incident signals experience an α

amplitude ratio, 1ϕ(t) = ϕ1(t) − ϕ2 as phase difference,
and 1ω(t) = ω − ω0 as frequency shift. Assuming a good

match (a3 = a4 = a5 = a6), four normalized output waves
can be indicated depending on the input waves and related
scattering (s) parameters [19]

bi = a1s1i + a2s2i i = 3, . . . , 6 (5)

More particularly, here we have b3 = 1/2 × (a1 − a2),
b4 = −1/2 × (ja1 + a2), b5 = −j/2 × (a1 + a2), and
b6 = −1/2 × (a1 + ja2). To acquire the dc output signals,
four power detectors should be connected to the SPN ports.
It is noteworthy that the output dc voltage of an ideal power
detector is proportional to the square magnitude of the RF
input signal as follows [32]

vi = ηi |bi|2 = ηi.bi.b∗i , i = 3, . . . , 6 (6)

where the ηi constants are measured in v/w. The proposed
SPN here operates as a direct demodulator. It means that
ω = ω0, corresponding to 1ω(t) = 0. Assuming that
four similar detectors are utilized, the dc output voltages are
obtained, as [32]

v3 = η |b3|2 = η
a2

4

[
1+ α2 − 2α cos (1ϕ)

]
(7)

v4 = η |b4|2 = η
a2

4

[
1+ α2 − 2α sin (1ϕ)

]
(8)

v5 = η |b5|2 = η
a2

4

[
1+ α2 + 2α cos (1ϕ)

]
(9)

v6 = η |b6|2 = η
a2

4

[
1+ α2 + 2α sin (1ϕ)

]
(10)

In the complex plane, the χ vector can be defined using the
four six-port dc output voltages [19], [32]

I = (v5 − v3) = αηa2 cos (1ϕ) (11)

Q = (v6 − v4) = αηa2 sin (1ϕ) (12)

Thus, this vector is denoted as [19], [32]

χ = I + jQ = αηa2e(j1ϕ) (13)

Using (13), it can be found out that the magnitude of the
χ vector is proportional to the ratio between the RF signal
and the reference signal (LO), at ports 1 and 2, respectively.
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FIGURE 14. (a) The block diagram of the SPN including four 90◦ hybrid
couplers and a 90◦ phase shifter and (b) the proposed design based on
hollow waveguide showing all ports.

As a result, the vector indicates the analog direct demodu-
lated signal [32], [33]. The baseband circuit is implemented
with four two-stage conventional feedback operational ampli-
fiers (AD8000) with a cut-off frequency of 800 MHz. The
DC output voltages of the SPN are amplified by approxi-
mately 20 dB. Next, two differential amplifiers are needed
to achieve I/Q signals with respect to (11) and (12). It should
be noted that the desired bandwidth of the proposed BSAN
and SPN here is 20% (27 GHz – 33 GHz). Thus, the bit
rate is limited only by the speed of the baseband circuit.
Correspondingly, with the use of the high-speed operational
amplifiers, the speed of faster than a few hundredsMb/s could
be acquired.

B. THE SPN DESIGN
Using (13), it can be found out that the magnitude of the
vector is proportional to the ratio between the RF signal
at port 1 and the reference signal (LO) at port 2. As a
result, the vector indicates the analog direct demodulated
signal [19], [32]. As shown in Fig. 14, the architecture of the
SPN, which is composed of four 90◦ hybrid couplers and 90◦

phase shifter, along with the proposed SPN implemented with
hollow waveguide are demonstrated. Apparently, the input
ports and other RF components (coupler and phase shifter)
can be realized in waveguide point of view. In order to vali-
date RF signal demodulation, the numerical results of scatter-
ing parameters of the SPN are shown in Fig. 15(a). Obviously,
the RF and local signal ports of the SPN are well-matched
in terms of impedance. In addition, the transmission between
the RF input port and the four outputs is next to the theoretical
value of −6 dB over a broad frequency band of interest.

One of the best analyses for validating the SPN perfor-
mance is qi points [34]. This technique is particularly pre-
cious for broadband designs. The qi points include phase
information and S-parameters from inputs of the SPN to
outputs. These points are defined as:

qi = −
S2i
S1i
, i = 3, 4, 5, 6 (14)

Using the equations (14) and (2), the qi points are −1, −j,
1, and j (ideal points). These points are ordered by 90◦

multiples and are placed equidistant from the origin of the
complex plane. The phase difference between the pair of

FIGURE 15. (a) Simulation results of the scattering parameters of the
SPN, and (b) Polar plot of the ideal and simulated qi points.

odd (and also pair of even) qi points is 180◦. Regarding the
simulated S-parameters, the qi points of the proposed SPN
are calculated and plotted in Fig. 15(b) over the bandwidth
of interest (27 GHz – 33 GHz, and 250 MHz frequency
resolution). A great achievement in terms of minimum errors
of magnitude and phase is presented. It is observed that the
bandwidth of the SPN is wide enough, and all points are very
close to ideal positions.

It can be concluded that the proposed SPN receiver benefits
from particular merits of low power, high speed, low loss, low
noise, high efficiency, and broadband features, which all these
properties give a promising value to the presented design for
using in some applications such as low power wireless access
point. One of the critical issues in communication systems
is the system accuracy. To design frequency-independent
phase shifter, the differential step-shaped phased shifter is
suggested [35]. As exhibited in Fig. 16, the design parameters
along with the values are given in the caption. The frequency
response of the reflection coefficient and phase delay is
indicated in Fig. 17. It can be observed that the impedance
matching is strong (|S11| ≤−20 dB) over the frequency band
of interest. Moreover, phase imbalance on 20% bandwidth
(27 GHz – 33 GHz) is approximately 2◦.

It is noteworthy that a 90◦ line delay might be employed
instead of 90◦ phase shifter. However, for structures with
broadband property one simple 90◦ line delay results in a
considerable phase error on the desired bandwidth [36]. Real-
izing a 90◦ phase shifter using delay lines causes a high level
of phase error, which could degrade the receiver efficiency
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FIGURE 16. A 90◦ phase shifter with the design parameters (a) the top
view and (b) side view. (w = 3.56, s = 6.5, g = 7.11, d = 35.9, l1 = 3.44,
l2 = 3.37, l3 = 2.55, l4 = 2.06, l5 = 2.3, h1 = 2.21, h2 = 2.1, h3 = 2.03,
h4 = 1.48, h5 = 0.6). Units in mm.

in terms of deteriorating sensitivity and pulse shape. For a
delay line, the minimum phase error corresponds with the
amount of phase delay × fractional bandwidth. Note that
fractional bandwidth equals (f2–f1) / fc. Namely, phase delay
and fractional bandwidth in this study are 90◦ and (33 GHz –
27 GHz) / 30GHz or 0.2, respectively. As a result, minimum
phase error here corresponds to 18◦, which simply states
for a 90◦ delay line type with 20% impedance bandwidth
a 18◦ phase imbalance will be inevitable. The whole idea
rests on the fact that a delay line as phase shifter will be
a frequency-dependent component. As known, an SPN can
be designed using four hybrid couplers and one 90◦ phase
shifter. To satisfy the SPN accuracy conditions, a precise
90◦ phase difference between the outputs in the individual
coupler has to be obtained. However, in practice, the phase
difference is not precisely 90◦ because of process variations.
As shown in Fig. 18, there exist different phase errors in
a typical SPN, two of them belong to the hybrid couplers
connected to each other and one is associated with a phase
shifter. Yang in [23] has expressed other errors including the
dynamic dc offset voltage in addition to the mismatches of
the diode characteristics in the power detector. Authors in
this study mostly focus on the phase issues in the SPN to
improve bit error ratio (BER).With respect to the phase errors
discussed above and indicated in Fig. 16, the output signals
in each port can be expressed as

b3 =
1
2

{
a1 + a2

[
ej(−

π
2 +ψ) × ej(−

π
2 +ξ )

]}
(15)

b4 =
1
2

{
a1

[
ej(−

π
2 +ξ )

]
+ a2

[
ej(−π+2ξ )

]}
(16)

b5 =
1
2

{
a1

[
ej(−

π
2 +ξ )

]
+ a2

[
ej(−

π
2 +ψ)

]}
(17)

b6 =
1
2

{
a1 [ej(−π+2ξ )]+ a2

[
ej(−

π
2 +ξ )

]}
(18)

FIGURE 17. Simulation results of the proposed phase shifter.

As mentioned before, the output voltage of an ideal power
detector is proportional to the square magnitude of the RF
input signal using (6), the DC output voltages are achieved,
respectively, as

v3 = k |b3|2 =
k
4

{
a21 + a

2
2e

2j(−π+ξ+ψ)

+2a1a2ej(−π+ξ+ψ)

}
(19)

v4 = k |b4|2 =
k
4


a21e

2j(− π2 +ξ )

+a22e
2j(−π+2ξ )

+2a1a2ej(−
3π
2 +3ξ )

 (20)

v5 = k |b5|2 =
k
4


a21e

2j(− π2 +ξ )

+a22e
2j(− π2 +ψ)

+2a1a2ej(−π+ξ+ψ)

 (21)

v6 = k |b6|2 =
k
4


a21e

2j(−π+2ξ )

+a22e
2j(− π2 +ξ )

+2a1a2ej(−
3π
2 +3ξ )

 (22)

Thus, considering the phase errors in the proposed equa-
tions (19) to (22), the high level of calibration with excel-
lent accuracy could be carried out. To further understand,
Figs. 19 and 20 are given, where time behaviour of the
demodulated QPSK signals with the phase variations are
shown. As illustrated in Fig. 19, the simulation signals of
QPSK with phase error variation of phased shifter (ψ) for
inputs and outputs of I and Q are represented. It can be found
out that the output I is varying with phase variation of phase
shifter while output Q remains without change.

Fig. 20 gives the simulation signals of QPSK with phase
error variation of hybrid couplers (ξ ) for inputs and outputs
of I and Q. It can be realized that both outputs of I and Q
are slightly affected by phase error variation of couplers (ξ ).
To clearly realize, the constellation of the demodulated QPSK
signals with the phase error variations in phase shifter (ψ) and
hybrid couplers (ξ ) is shown in Fig. 21. As expected from (19)
to (22), it can be observed that the phase error in phase shifter
(ψ) affects only the real part (output I) while the phase error in
hybrid couplers (ξ ) affects both the real and imaginary parts
(output I and Q). The photo of the fabricated design is shown
in Fig. 22. It can be observed that the proposed design consists
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FIGURE 18. Phase errors in the SPN including four 90◦ hybrid couplers
and one 90◦ phase shifter; (a) phase errors in horizontal couplers
terminated to the input ports, (b) phase errors in vertical couplers
terminated to output ports, and (c) phase error in a 90◦ phase shifter
(see the SPN topology in Fig. 14). Note that due to the identical hybrid
couplers, the phase error in two couplers are the same (ξ ).

FIGURE 19. Simulated signals of QPSK versus the time, (a) input I and Q,
(b) output I, and (c) output Q. Note that output I is changing with phase
variation of phase shifter while output Q remains without change.

of two layers. The bottom layer is composed of the waveguide
feeding network for the BSAN and SPN (see Fig. 22(a)).
The top layer is comprised of the radiating antenna elements,
as shown in Fig. 22(b).

Besides, system simulations here are performed using
advanced design system (ADS) software of Keysight Tech-
nologies with a system module. Using ADS software,
the transmitter employs a vector modulator (VM) to achieve
the PSK and QAM modulated signal. Diverse modulations
(QPSK, 16 PSK, 16 QAM, and 32 QAM) are generated and
determined.

Note that the operating frequency of 30GHz is adjusted
while doing the simulations by the envelope simulation
in ADS. Fig. 23 depicts the simulated constellation of
the demodulated signal achieved for different modulation
schemes. It can be realized that the proposed system behaves
as an acceptable analog demodulator. In the case of PSKmod-
ulations, the constellation points form a circle, with respect to
equation (13). Moreover, for the case of the 16 QAM modu-
lations, the points are approximately equidistant, satisfying

FIGURE 20. Simulated signals of QPSK versus the time, (a) input I and Q,
(b) output I, and (c) output Q. Note that both outputs of I and Q are
changing with phase variation of hybrid couplers.

FIGURE 21. Constellation of the demodulated QPSK signals with
considering the phase error variation of (a) phase shifter and (b) hybrid
coupler. (a) when phase in a phase shifter is changed from −20◦, 0◦, and
20◦, results are indicated in the form of the triangle, circle, and square
respectively. (b) when phase error (ξ ) in hybrid coupler is varied from 0◦,
20◦, and 40◦, results are indicated in the form of circle, square, and
triangle respectively.

FIGURE 22. Fabrication photo of the two-layer proposed design (a) the
bottom layer including the waveguide feeding network for the BSAN and
SPN and (b) the top layer including the radiating antenna elements.

the front-end discrimination’s qualities in both amplitude
and phase. In the PSK modulations, the constellation points
are almost observed in a circle. Moreover, in the 16 QAM
modulations, the points are approximately equal distances,
indicating the quality of the front-end discrimination for both
amplitude and phase are nearly satisfactory. Ideally, because
of the SPN design and the differential approach utilized in the
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FIGURE 23. Simulated constellation of the demodulated PSK/QAM
signals without noise.

FIGURE 24. Channel capacity for the proposed developed system
associated with the BPSK, QPSK, 16QAM, and 32QAM modulations.

baseband section, the phase error at the operating frequency
is negligible. As a result, the constellation of any PSK signal
is obtained with high accuracy. Note that the errors produced
in amplitude have taken root in the nonlinearity of the power
detectors. In addition, the phase of the reference signal (LO)
has to be tuned to avoid the constellation rotation.

V. SYSTEM RESULTS
A. CHANNEL CAPACITY
While investigating a radio link performance, it worth under-
standing the achievable maximum data rate that can be trans-
mitted through the channel. The RF engineers utilize the
concept of Shannon–Hartley channel capacity to determine
the maximum data rate, and it is given as following:

C = B log2(1+ γ ) (23)

where B is the operating frequency bandwidth, and γ is
the signal to noise ratio. The achievable channel capac-
ity for the proposed developed system associated with the
BPSK, QPSK, 16QAM, and 32QAM modulations are given
in Fig. 24.

B. BEAMFORMER INFLUENCE ON CHANNEL
PERFORMANCE IMPROVEMENT
The received signal by the receiver antenna beamformer can
be evaluated using Friis equation as following:

Pr (dBm)=Pt (dBm)+Gt (dBi)+Gr (dBi)−PL(dBm) (24)

FIGURE 25. Defined scenarios to investigate the beamformer capability
for improving link performance. (a) The proposed system with directive
horn antenna with 8◦ beam width. (b) The proposed system with the
proposed beamformer. Scenario #B is given for the rotated xz–plane,
where beam #1 and beam #2 are radiated.

FIGURE 26. Simulation BER performance for QPSK modulation with
6 GHz bandwidth and data rate of 1 Gb/s, concerning the defined
scenarios in Fig. 25.

FIGURE 27. Full test setup for the proposed broadband zero-IF receiver.

where Pr and Pt are the received and transmitted powers,
Gt and Gr are the transmitter and receiver antennas’ gains,
respectively. PL is the propagation channel path loss, and is
given as follow:

PL(dBm) = −20 log (
λ

4πR
) (25)

where R is the distance between the transmitter and receiver,
and λ is the wavelength at free-space wavelength. For
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FIGURE 28. Digital photograph of the experimental test bench, (a) transmitter setup, (b) receiver setup, (c) side view of the fabricated design, and
(d) demodulated signals on the oscilloscope. (d: distance between transmitter and receiver antennas, PA: power amplifier, SPN: six port network, and PD:
power detector).

instance, for a 30-GHz radio signal, the propagation channel
path loss is about 61.98 dB over a one-meter distance. It is
notable that in the Friis equation, the atmospheric losses
and contribution to multipath reflected waves in the received
power are not considerable. However, in an office environ-
ment, it is observed that a communication link with narrow
radiation beams follows the Friis model closely. The results
for a system with directive horn antenna (radiation pattern
beamwidth) at 30-GHz confirm that a small beams’ mis-
adjustment deteriorates the link budget about 10 dB. As a
result, the highest throughput would degrade QPSK modu-
lation signals with a bandwidth of 6 GHz by up to 3 Gbps
or disconnect the communication link entirely. Fig. 25 shows
defined scenarios for evaluating the beamformer capability
to improve link performance. The simulated BER perfor-
mance of the defined scenarios in Fig. 26 is investigated
to evaluate the potential of the proposed beamformer for
QPSK modulation with a bandwidth of 6 GHz and a data rate
of 1 Gb/s. The architecture of the analog front-end for 30GHz
down-conversion (zero-IF) system is configured and imple-
mented utilizing available equipment, as illustrated in Fig. 27.

The setup hence is composed of the proposed design
including 2 × 2 BSAN along with the SPN in one package,
the SP4T switch, low-noise amplifier (LNA), industrial pla-
nar power detectors (603AK, Krytar), and current feedback
operational amplifiers type AD8000. In short, the zero-IF
receiver operates as follows, through the BSAN and SP4T
RF switch, the received RF signal goes to an LNA (HMC-
1040LP3CE) to amplify (27–33 GHz, 23 dB gain, NF =
2.2 dB). The reference signal from the local oscillator (LO)
enters the intended port (port 2) in the proposed SPN. Note
that for all twelve input and output ports, WR28 waveguide to
coaxial adapters K (2.92mm) are used. To obtain the baseband
signal, four outputs of the SPN are connected to four RF
power detectors. In addition, the received signal is at a weak
level. So to do, amplifying output voltage signals for better
detection and BER measurements sounds reasonable. As a
result, amplifiers type AD8000 are used to tackle this short-
coming. Ultimately, the Ka-band SPN receiver is measured
with respect to bench setup shown in Fig. 27. On the other
hand, the transmitted signal is a modulated signal, which

FIGURE 29. Measurement constellation results of the demodulated
PSK/QAM signals for different symbols.

is up-converted from IF to Ka-band utilizing an industrial
sub-harmonic mixer evaluation kit (EVAL-HMC338LC3B).
Then this signal is amplified by a medium power amplifier
(HMC281LM1), entered an SP4T RF switch, and transmitted
by the 2×2 antenna beamformer based on an air-filled coaxial
line designed by the same authors [8].

System parameters are: the transmitting antenna has a gain
of 16 dBi, the distance between transmitter and receiver (d) is
3 m, and the transmitted power is around+10 dBm. The four
output signals (I1, I2, Q1, Q2) from the 30 GHz front-end
SPN receiver, are displayed and recorded using an Agilent
Infiniium high-performance oscilloscope (DSO80804B). The
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FIGURE 30. Measured demodulation signals of I and Q versus time.
(a) BPSK, and (b) QPSK.

photo of the entire measurement setup for the proposed
transceiver is exhibited in Fig. 28.

The demodulation results of PSK/QAM signals, from 2 to
32 symbols, are thus captured as illustrated in Fig. 29.
It can be realized that the symbols of BPSK, 8PSK, and
16PSK demodulations almost form a circle. In the same man-
ner, for the QPSK constellation diagram, a quasi-perfectly
square shape is obtained. For the cases of the 16QAM
and 32QAM, the points are nearly equidistant, fulfill-
ing the front-end discrimination’s qualities in both ampli-
tude and phase, with respect to the SPN demodulation
theory [37], [38].

As a note, the errors are based on mostly because of
the synchronization of transmitting and receiving equipment
(phase noise), along with the fabrication inaccuracy (sym-
metry of the constellation points) [37], [38]. Fig. 30 shows
the measured pseudorandom sequence of the demodulated I1,
I2, Q1, and Q2 output voltage signals over the time for the
receiver at the operating frequency of 29 GHz. As observed
in the Figure, if we consider the level of demodulated BPSK
signal as a peak value, both demodulated signals of QPSK
have the same amplitude and equal to 0.707 of the peak. The
waveforms are approximately rectangular, due to the uses
of high-speed baseband circuits. Moreover, phase jumps of
the signals of the I and Q correspond with multiples of 90◦.
Also, the output pair voltages (I1 and I2, and Q1 and Q2,
respectively) are phase opposite. Therefore, the main I/Q
signals can be achieved by applying a differential method,
as discussed before in (11) and (12). It can be found out that
errors of the phase and amplitude are minor, not exceeding a
few per cents for individual constellation points.

VI. CONCLUSION
A zero-IF receiver with broadband and high-efficiency prop-
erties based on hollow waveguide technology for the wireless
access point (WAP) applications is introduced. The principal
advantage of the waveguide technologies is that they support
propagation with lower losses at mmWave bands. The focus
of this project is to present an integrated beam-switching
antenna network (BSAN) with a six-port network (SPN)
homodyne receiver in waveguide technology to eliminate
possible transitions in the first stages, and decrease the
insertion losses and noise levels. The receiver is composed
of a Ka-band BSAN with a two-dimensional (2D) scanning
feature. For demodulation, the receiver is designed utilizing
a highly efficient broadband SPN. The proposed SPN is
comprised of four 90◦ hybrid couplers and a 90◦ phase shifter.
For broadband receivers, it was observed that delay line type
of phased shifter deteriorates considerably the performance
and efficiency of the system. Therefore, to reduce the phase
imbalance over the frequency band, a step-shaped phase
shifter having a frequency-independent property with the
minimum phase error is designed.Moreover, a theoretical and
experimental analysis of the SPN phase errors under different
modulations was carried out and represented. Channel capac-
ity along with beamformer effect on channel performance
improvement are represented and analyzed. Experimental
results indicate excellent agreement with the simulations.
Ultimately, the proposed zero-IF receiver presents a promis-
ing option for low-power wireless access point communi-
cations, robust military applications, or as a front-end at
extremely low temperatures to decrease noise levels.
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