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Abstract

This paper presents the design and experimental validation of a passive I/Q downconver-
sion subsystem for X-band applications, with emphasis on maritime radar operation. The
proposed architecture combines passive RF and LO distribution networks with a single-
balanced passive mixer, enabling accurate quadrature signal generation without relying on
active correction mechanisms. The subsystem maintains controlled amplitude and phase
balance across the operating band, directly supporting effective image suppression. Experi-
mental results demonstrate image rejection ratios exceeding 30 dB. The mixer stage exhibits
a conversion loss of approximately 6 dB and an input-referred 1-dB compression point of
about 14 dBm. The incorporation of an optimized RF matching stub in the mixer improves
the impedance conditions at the IF node, leading to enhanced linearity and enabling a
favorable trade-off between conversion loss and 1-dB compression point. Performance
further improves within the maritime radar allocation, where enhanced balance leads to
increased image rejection. These results confirm that high-quality I/Q signal generation
can be achieved using a passive and low-complexity architecture, providing a practical and
reliable solution for broadband X-band receiver front-ends.

Keywords: direct-conversion receiver; passive mixer; I/Q imbalance; image rejection ratio;
X-band; maritime radar; hybrid coupler; power divider

1. Introduction
Radar constitutes one of the most fundamental applications of the electromagnetic

spectrum, with widespread use in air traffic control, meteorological observation, maritime
navigation, and transportation safety. It enables the acquisition of information including
target range and bearing, altitude estimation, long-range imaging, and collision avoidance
capabilities [1].

Among the frequency bands employed in radar systems, the X-band—extending
from 8 to 12 GHz and corresponding to wavelengths between 2.5 and 3.8 cm—occupies a
central role. Located within the Super-High Frequency (SHF) region of the electromagnetic
spectrum, it is widely regarded as an optimal choice for communication and radar detection
in terrestrial, maritime, and aerial domains [2]. According to the International Maritime
Organization (IMO), the 9.2–9.5 GHz sub-range is specifically allocated for maritime radar
applications due to its high resolution, sensitivity, and reliable target-tracking performance.
Beyond its established use in radar systems, the upper mid-band spectrum in Frequency
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Range 3 (FR3) (7–24 GHz), which includes the X-band, has recently attracted considerable
interest for future 6G systems. In addition to high-throughput communications, this
frequency range is also being considered for sensing services such as localization, detection,
and situational awareness [3].

With X-band radar established as a key technology in maritime applications, the use
of radar for sea surface monitoring enables a broad range of observations and has been the
subject of extensive research in recent decades. Radar systems have also proven valuable
for detecting key hydrographic parameters due to their high temporal and spatial resolution.
These parameters include wind speed [4,5], wave characteristics [6–9], ocean currents [10–12],
and variations in sea depth and shoreline contours [13,14]. Accurate monitoring and
analysis of these parameters are essential for numerous maritime applications including
target tracking [15], oil spill detection [16], mapping sea wave groups [17], estimating tidal
constituents [18], conducting bathymetric surveys [19,20], and detecting coastal erosion [21].

As maritime radar sensing relies on the accurate extraction of low-level signal fea-
tures, particular attention must be paid to the receiver design stage. Given the diverse
operating conditions and precision requirements of maritime applications, the choice of
receiver architecture has a significant impact on overall system performance. In this context,
the selection of the receiver architecture is a key design decision in modern radar and
communication systems. Among the most widely adopted approaches, direct-conversion
and low-intermediate-frequency (low-IF) topologies have proven particularly effective for
X-band implementations [22]. Specifically, direct-conversion receivers (DCRs) are favored
for their simplified architecture, reduced implementation cost, and the absence of image-
rejection filters. However, for bandwidths below approximately 10 MHz, flicker noise may
adversely affect performance, in which case the low-IF architecture is often recommended
as a more robust alternative. In DCR architectures, down-conversion of asymmetrically
modulated signals to zero-IF may introduce self-mixing effects, which are mitigated by
generating in-phase (I) and quadrature (Q) components with equal amplitude and 90°
phase difference.

Since accurate I/Q signal generation is essential for direct-conversion (DCR) receiver
operation and depends on equal signal splitting with minimal amplitude and phase de-
viation, the design of the power divider and the 90° hybrid coupler becomes critical for
maintaining phase accuracy and amplitude balance across the operating bandwidth. In par-
allel, the mixer architecture dictates conversion efficiency, linearity, and overall signal
integrity, forming the final stage of frequency translation within the receiver chain.

Numerous power-divider implementations in microstrip technology have been re-
ported in the literature, targeting wider operational bandwidths and improved parameters
such as isolation, matching, and amplitude/phase balance. Wilkinson-based architectures
employing coupled lines and resistive elements remain among the most widely adopted
solutions, offering predictable performance and straightforward integration into planar
PCB platforms [23,24]. An alternative implementation is reported in [25], where the use of
spiral coupled-line structures in CMOS technology enables operation at higher frequencies
with exceptionally low amplitude and phase imbalance. In addition, several approaches
based on Substrate Integrated Waveguide (SIW) and half-mode SIW structures have been
proposed to enhance inter–port isolation and overall performance—albeit often at the
expense of increased fabrication complexity [26–30]. In some implementations within
this category, phase deviations of up to ±8° have been reported, which may impact high-
precision applications. More recent hybrid architectures combining coplanar waveguide
with ground (CPWG) and substrate-integrated defected ground structures (SIDGS) have
also been proposed for broadband and flexible applications, though with increased design
complexity [31].
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After splitting the RF input signal, 90° hybrid couplers provide the required quadrature
LO signals for mixer excitation in DCR I/Q systems. Conventional branch-line four-port
couplers inherently exhibit limited bandwidth [32], which has motivated the develop-
ment of enhanced architectures such as defected-ground-structure (DGS) couplers, cas-
cading multi-section implementations, and multilayer structures, while these approaches
extend the operational bandwidth, they typically introduce increased fabrication complex-
ity [33–37]. Compact solutions such as Lange couplers offer strong coupling and improved
bandwidth; however, they require fine lithographic resolution and wire-bonding, which
limits their practicality for PCB-level implementations [38,39]. An alternative design route
employs three-port hybrid architectures combining a power divider and a phase shifter,
reducing implementation complexity [40]. Nevertheless, realizing wideband phase shifters
remains challenging, as approaches such as Schiffman-based structures and their variations
rely on strong coupling or auxiliary elements, resulting in trade-offs between bandwidth
extension, fabrication complexity, and operating-frequency constraints [41–44].

Once the quadrature LO paths are established, the mixer performs frequency trans-
lation to generate the in-phase (I) and quadrature (Q) baseband signals. Several mixer
architectures have been reported in the literature across different implementation technolo-
gies, each demonstrating specific advantages and design limitations. High-Tc supercon-
ducting (HTS) implementations have achieved low conversion loss and high port isolation
at X-band frequencies; however, they still require cryogenic operation, which may limit
their integration in compact or cost-sensitive systems [45]. CMOS-based passive mixers
represent another active research direction, where techniques such as resistive scaling and
series-stacking have been employed to improve harmonic rejection and linearity, albeit
with corresponding trade-offs in conversion loss and power consumption [46,47]. Mixers
implemented in GaAs pHEMT technology—using both single-ended and double-balanced
topologies—have exploited design features such as coupled capacitors and Marchand
balun structures to enhance broadband operation at high frequencies, though at the ex-
pense of increased fabrication cost [48,49]. Finally, PCB-level mixer realizations using
discrete components, such as subharmonic mixers based on anti-parallel Schottky diode
pairs, offer reduced complexity and ease of integration within RF receivers. However, these
approaches typically exhibit higher conversion loss and reduced linearity compared to
monolithic or hybrid integrated solutions [50].

Despite these developments, existing mixer and quadrature-generation approaches
still present limitations when considered for low-cost and implementation-friendly X-band
maritime radar receivers. Many reported solutions rely on integrated or hybrid platforms,
which increase fabrication cost and reduce portability across hardware platforms, while
PCB-based implementations frequently exhibit higher conversion loss, limited linearity,
or poor I/Q balance. Furthermore, most prior work targets broadband X-band operation
rather than the regulated 9.20–9.50 GHz maritime allocation, where stability, repeatability,
and controlled quadrature accuracy are essential. These constraints highlight the need for a
compact, passive, and fabrication-tolerant architecture capable of achieving high linearity,
low conversion loss, and minimal I/Q deviation while remaining compatible with standard
PCB technologies.

To address these challenges, this work proposes a fully passive and PCB-integrated I/Q
signal-generation module specifically optimized for the X-band maritime radar allocation
at 9.20–9.50 GHz. The design integrates the power divider, quadrature hybrid, and passive
mixer into a unified microstrip architecture engineered to maintain low implementation
complexity while achieving high linearity, low conversion loss, and tightly controlled I/Q
amplitude and phase balance. By emphasizing technology portability, manufacturability,
and cost-efficiency, the proposed solution enables practical integration into modern X-band
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direct-conversion maritime radar receivers and provides a scalable foundation for future
hardware platforms. The proposed architecture is implemented using three PCB-based
modules, namely a Wilkinson power divider, a 90° hybrid coupler, and a passive single-
balanced mixer, which are first characterized individually and then evaluated as a complete
I/Q signal-generation chain.

All three circuits were implemented using microstrip transmission-line techniques
on a cost-effective two-layer PCB stackup based on Rogers RO4350B substrate (εr = 3.66,
thickness = 0.508 mm) with 35 um copper plating. Standard RF manufacturing constraints
were applied to ensure repeatability and tolerance to process variations. The design
workflow combined schematic-level circuit analysis with full-wave electromagnetic (EM)
simulations in Keysight ADS 2025, enabling accurate modeling of passive structures and
strong correlation between simulated and measured results.

The remainder of this paper is structured as follows: Section 2 outlines the receiver
architecture and presents the theoretical background and design rationale of the proposed
subsystem. Section 3 provides the circuit-level simulations and full-wave EM characteriza-
tion of the individual blocks, while Section 4 details the experimental setup, calibration
procedure, and measurement methodology. Section 5 reports and discusses the measured
results, including correlation with simulations and comparison with state-of-the-art imple-
mentations. Finally, Section 6 concludes the paper.

2. Receiver Architecture
In radar receiver design, the architecture is primarily determined by the operating

frequency and signal bandwidth. Although direct sampling approaches are suitable at
lower frequencies, they become impractical as carrier frequencies increase due to ADC
bandwidth and dynamic range constraints. For X-band systems with bandwidths exceeding
10 MHz, direct-conversion (DCR) architectures offer an effective balance of performance,
implementation complexity, and cost. In contrast, for narrower X-band receivers, low-IF
architectures may be preferred to mitigate flicker noise inherent to zero-IF operation [22].
Given the target bandwidth and operating conditions of maritime radar systems, a DCR
architecture is adopted in this work.

A key consideration in receiver design is the suppression of image-frequency compo-
nents. In superheterodyne receivers, effective suppression of the image frequency requires
high-selectivity filters placed at high-frequency stages, significantly increasing system
complexity and cost. By contrast, the direct-conversion approach inherently eliminates
the image frequency, obviating the need for image-rejection filtering. This architectural
advantage not only reduces the number of required RF front-end stages, improving both
the linearity and the noise performance, but also enables a more compact and cost-efficient
receiver implementation.

Despite these advantages, DCR architectures introduce two well-known design chal-
lenges: DC offsets and 1/f (flicker) noise, both arising from signal processing at DC. Tra-
ditional superheterodyne receivers avoid these issues by shifting the signal to a non-zero
intermediate frequency (IF), where flicker noise and DC artifacts are no longer dominant.
However, advances in modern receiver design have made these limitations increasingly
manageable. DC offsets can be mitigated using analog and digital cancellation schemes,
while the impact of flicker noise becomes practically negligible in applications with band-
widths exceeding approximately 10 MHz. Since the proposed maritime radar receiver
operates over a bandwidth well above 10 MHz, the effect of flicker noise on the processed
baseband signals is considered negligible [51].

Beyond these analog-domain considerations, the receiver architecture also directly
impacts data conversion requirements, particularly the required sampling rate and effective
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ADC utilization. Superheterodyne receivers with non-zero IF reduce ADC requirements
compared to direct sampling architectures, but at the cost of increased analog filtering com-
plexity. In contrast, DCR architectures enable sampling within the first Nyquist zone using
moderate-rate ADCs, simplifying filter design and improving overall system efficiency.

Another advantage of DCR architectures is the suppression of mixing-induced spuri-
ous components. Since the RF and LO frequencies are identical, harmonic-related mixing
products are translated outside the signal band rather than appearing at baseband. These
out-of-band components can be easily filtered at the mixer output, thus improving spectral
purity and contributing to overall receiver performance.

However, in DCR receivers, explicit separation of the baseband signal into in-phase
(I) and quadrature (Q) components is required to avoid spectral ambiguity and aliasing.
Although symmetric modulation formats theoretically allow information recovery under
zero-IF mixing, most modern schemes exhibit spectral asymmetry [51]. Without I/Q
separation, this asymmetry results in sideband folding and overlapping at DC, causing
irreversible information loss and rendering the received signal unusable for coherent
processing. Once I/Q separation is established, its accuracy becomes critical, as receiver
performance strongly depends on amplitude and phase balance between the I and Q paths.
Minimizing amplitude and phase imbalance in both the RF power divider and the LO
quadrature hybrid is therefore essential to preserve signal integrity.

In addition to I/Q mismatch, DCR architectures are also affected by LO leakage and
sensitivity to second-order intermodulation products (IM2). LO feedthrough cannot be
effectively mitigated by filtering alone, since the leaked tone typically lies within or very
close to the signal band; however, a symmetric RF and LO layout can significantly reduce
this effect. Moreover, DCR receivers are particularly sensitive to even-order distortion, since
second-order intermodulation (IM2) products generate DC and near-DC components that
fall directly into the signal band. Unlike odd-order distortion—which typically manifests
outside the desired baseband and can often be filtered—IM2 terms cannot be removed
by conventional filtering and therefore must be minimized through careful balancing and
layout symmetry [51].

The above considerations highlight the need for accurate, passive, and well-matched
quadrature signal-generation circuitry to ensure reliable operation in practical DCR receiver
implementations. In addition to amplitude and phase balance, RF-level performance factors
such as port-to-port isolation, LO–RF leakage suppression, and mixer symmetry play a
critical role in preserving signal fidelity.

3. Design Methodology and Simulation Analysis
3.1. Overview

This section presents the design methodology and implementation of the proposed
passive I/Q signal-generation subsystem. Figure 1 illustrates the complete X-band DCR
architecture, with the proposed subsystem highlighted. The remaining receiver stages are
included for context, illustrating how the proposed module integrates into a full maritime
radar receiver front-end.

The implementation of X-band passive microwave subsystems presents several chal-
lenges and design complexities, including increased sensitivity to fabrication tolerances,
parasitic effects, and layout discontinuities, as well as the need to maintain accurate am-
plitude and phase balance throughout the I/Q signal paths. To address these challenges,
the design and evaluation process combines analytical modeling, full-wave electromag-
netic simulation, and layout-aware optimization. This approach ensures close agreement
between the simulated and fabricated performance. Particular attention was paid to ampli-

https://doi.org/10.3390/electronics15132834

https://doi.org/10.3390/electronics15132834


Electronics 2026, 15, 2834 6 of 28

tude and phase balance, insertion loss, isolation, and linearity, as these parameters directly
affect sideband suppression and baseband signal integrity in DCR operation.

Figure 1. Block diagram of the complete DCR signal chain. The highlighted passive I/Q subsystem,
proposed and evaluated in this work, comprises the RF power divider, the 90◦ hybrid coupler, and the
single-balanced passive mixer.

The common PCB stackup employed for the EM simulations and fabricated passive
structures is illustrated in Figure 2. All passive circuits were implemented on a two-layer
Rogers RO4350B substrate using microstrip transmission-line techniques. Full-wave EM
simulations were carried out in Keysight ADS in order to accurately model the passive
structures prior to fabrication.

Figure 2. PCB stackup employed for the EM simulations and fabricated passive structures.

3.2. Theoretical Analysis of the Power Divider

The power divider circuit is positioned immediately after the LNA and bandpass
filter (BPF) stages to generate two identical RF signal paths. The proposed implementa-
tion follows a symmetric coupled-line configuration consisting of two transmission-line
sections of equal electrical length l, each terminated with a discrete resistor at the output
(Figure 3). The small spacing between the coupled-line branches enables direct placement
of the termination resistors without requiring a ring-shaped geometry typically used in
conventional Wilkinson dividers [24]. This characteristic supports reliable operation at
high frequencies while maintaining a compact physical footprint, making the structure
suitable for X-band applications.

The coupled-line sections, characterized by their even- and odd-mode impedances
Zie and Zio (i = 1, 2), and an electrical length θ, provide the required impedance transfor-
mation. The two termination resistors further improve isolation and ensure proper output
impedance matching, both critical requirements for stable high frequency operation [24].
Compared with conventional Wilkinson power dividers, the coupled-line implementation
introduces additional design flexibility through the selection of the even- and odd-mode
impedances and the corresponding coupling levels of the transmission-line sections. This
additional degree of freedom enables broadband impedance transformation while main-
taining proper output matching and port isolation over a wider frequency range.
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Figure 3. Block diagram of the proposed dual-band Wilkinson power divider based on coupled-
line implementation.

To quantify the line parameters and validate the design, the electrical behavior of
the divider was derived using even–odd mode analysis, following standard formulations
in [23]. To achieve broadband operation, a frequency ratio of t = f2/ f1 = 2.3 (>2) was
selected. This requirement leads to an electrical length of θ = π/3.3 for each coupled-line
section. Assuming a system characteristic impedance of Z0 = 50 Ω, the corresponding
even-mode impedances Z1e and Z2e were calculated to be 76.85 Ω and 65 Ω, respectively.

With the even-mode impedances established, the next step involves determining the
coupling coefficient in order to determine the corresponding odd-mode impedances of the
coupled-line structure. Figure 4a illustrates the simulated response of S23, corresponding
to the isolation between the output ports, while Figure 4b presents the simulated response
of S33, representing the output return loss (with S22 = S33 due to circuit symmetry),
for different values of the coupling coefficient ratio c = Zio/Zie, i = 1, 2. When c = 0.2,
the simulated response exhibits poor matching and limited isolation. As c increases beyond
approximately 0.6, the responses converge toward improved performance, indicating a
substantial improvement in both output return loss and isolation. Consequently, a coupling-
coefficient value of c = 0.75 was selected, as it provides a balance between electrical
performance and manufacturability, considering the physical layout constraints.

Figure 4. Simulated responses of (a) |S23| and (b) |S33| as functions of the coupling coefficient c.

Following the selection of the coupling coefficient, the remaining electrical param-
eters of the divider were derived accordingly. The odd-mode characteristic impedances
were calculated as 57.63 Ω and 48.75 Ω, while the resistor values R1 and R2 were deter-
mined to be 95.3 Ω and 232 Ω, respectively. The final layout implementation employed
transmission-line widths of w1 = 0.59 mm and w2 = 0.83 mm, with corresponding spacings
of g1 = 0.58 mm and g2 = 0.50 mm. Standard 0603 SMD resistor packages were selected
to ensure placement accuracy while minimizing parasitic effects and microstrip disconti-
nuities that could otherwise degrade high-frequency performance. Figure 5 presents the
layout of the implemented Wilkinson power divider, including the integrated resistors
R1 and R2.
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Figure 5. The layout of the implemented Wilkinson power divider.

The performance of the finalized layout was verified through full-wave electromag-
netic simulation to confirm broadband behavior and suitability for X-band implementation.
The results of the FEM-based simulations are presented in Figure 6. As shown in Figure 6a,
the power imbalance remains negligible across the range 2–20 GHz. The phase deviation
does not exceed 0.4◦ at 20 GHz and remains close to zero throughout the operating band,
indicating stable and well-balanced performance. In addition, Figure 6b shows that the
return loss at all ports and the port-to-port isolation remain better than 10 dB across the
entire frequency span. Performance further improves within the 8–20 GHz range, where
both metrics exceed 15 dB, while values above 20 dB are achieved within the 9.20–9.50 GHz
maritime radar allocation.

Figure 6. Full-wave FEM-simulated frequency responses of the proposed power divider: (a) ampli-
tude and phase imbalance; (b) S-parameter responses.

3.3. Theoretical Analysis of the Phase Shifter

The LO signal path employs a power divider to ensure equal amplitude distribution
between the mixer branches, while a precise 90◦ phase shift is required to enable accurate
I/Q demodulation. In the proposed implementation, this functionality is achieved by
combining a dual-band Wilkinson power divider with a broadband phase-shifting network
based on uncoupled transmission-line sections, enabling stable quadrature operation across
the intended frequency band.

Figure 7 illustrates the equivalent circuit of the proposed 90◦ hybrid coupler. Following
the dual-band Wilkinson division stage described in Section 3.2, the LO signal is fed into the
broadband phase-shifting network, which establishes the required quadrature LO phase
relationship to drive the I and Q mixer branches. The phase-shifting network comprises a
main transmission line of length λ/2 and impedance Z3; a reference line of length 3λ/4
and impedance Z4; and two additional λ/8 stubs with impedance Z5, terminated in open-
and short-circuited ends, respectively.
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Figure 7. Block diagram of the proposed 90◦ hybrid coupler.

The broadband behavior of the phase-shifting network is achieved through the phase
compensation introduced by the parallel open- and short-circuited stubs in conjunction
with the main transmission path. In conventional transmission lines, phase varies linearly
with frequency. Compared with conventional transmission-line phase shifters, the inclusion
of properly dimensioned open- and short-circuited stubs compensates for this variation,
equalizing the phase response between the two signal paths [52]. Consequently, a nearly
constant relative phase difference is preserved over a wide frequency range, making the
structure well suited for broadband applications. This stability strongly depends on the
appropriate selection of the stubs’ characteristic impedance, which determines the overall
performance of the phase-shifting network.

Figure 8a illustrates the circuit representation of the phase-shifting network. To facilitate
this analysis, the even–odd mode decomposition method is applied, allowing the overall
excitation to be separated into two independent cases. The corresponding equivalent circuits
for the even and odd modes are shown in Figure 8b and Figure 8c, respectively.

Based on these equivalent circuits, the scattering parameters of the proposed phase-
shifting network can be expressed in terms of the reflection coefficients Γe and Γo, corre-
sponding to the even- and odd-mode excitations. The fundamental relations are given by:

S11 = S22 =
Γe + Γo

2
, S12 = S21 =

Γe − Γo

2
. (1)

Figure 8. (a) The normalized equivalent circuit of the proposed phase shifter; (b) even-mode and
(c) odd-mode equivalent circuits.

The reflection coefficients are obtained from the input impedance of the two equivalent
circuits, Z1, and the system characteristic impedance Z0, namely:

Γi =
Zi − Z0

Zi + Z0
, i ∈ {e, o}, (2)
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The key performance parameter of the hybrid coupler is the differential phase between its
two output ports, since it directly determines the quadrature accuracy of the LO signals
driving the I/Q mixer branches. This parameter is defined as:

∆ϕ = ∠S21 −∠S31. (3)

Ideally, ∆ϕ = 90◦ across the entire operating bandwidth. In practical implementations,
however, the system performance strongly depends on the stability of ∆ϕ across the target
operating bandwidth. Consequently, maintaining low input return loss and minimizing
phase imbalance between the output ports were established as primary design objectives.
Based on these requirements, the characteristic impedances Z3, Z4, and Z5 were determined
through a parametric optimization procedure.

Building on the theoretical formulation, the broadband 90◦ hybrid coupler was syn-
thesized and optimized to achieve two key design objectives: an input return loss better
than −20 dB and a maximum phase imbalance below 2◦ across the 9–11 GHz operating
band. Full-wave electromagnetic simulations were employed to extract and refine the
transmission-line parameters, yielding optimal characteristic impedances of Z3 = 63.3 Ω,
Z4 = 50 Ω, and Z5 = 133 Ω. The corresponding physical widths were determined as
w3 = 0.74 mm, w4 = 1.06 mm, and w5 = 0.11 mm, ensuring that the implemented ge-
ometry accurately reproduces the intended impedance profile and satisfies the broad-
band quadrature requirement. Figure 9 presents the layout of the implemented 90°
hybrid coupler (the orange circular symbols denote grounding vias).

Figure 9. The layout of the implemented 90◦ hybrid coupler.

The performance of the finalized layout was assessed through full-wave electromag-
netic (FEM) simulations, and the resulting responses are presented in Figure 10. As shown
in Figure 10a, across the 8–17 GHz range, the amplitude response demonstrates excellent
balance, with a maximum power imbalance of only 0.2 dB across the entire simulated band.
Similarly, the phase error remains below 3◦ across the full band and becomes negligible
within the maritime radar allocation (9.20–9.50 GHz). In addition, Figure 10b shows that all
port return-loss values and the isolation between the output ports remain better than 14 dB,
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confirming the broadband nature of the proposed structure. Within the X-band, the per-
formance improves further, exhibiting return-loss and isolation levels better than 22 dB.
These results confirm that the proposed network achieves stable broadband operation
while meeting the stringent quadrature requirements of the intended application.

Figure 10. Full-wave FEM-simulated frequency responses of the proposed 90◦ hybrid coupler:
(a) amplitude and phase imbalance; (b) S-parameter responses.

3.4. Theoretical Analysis of the Single-Balanced Passive Mixer

Mixers are fundamental components in RF front-end architectures, enabling frequency
translation through nonlinear interaction between the RF input and the local oscillator
(LO) signal. This process produces sum and difference frequency components, along with
higher-order harmonics. The linearity, isolation, and conversion loss of the mixer are key
factors that directly determine the overall front-end performance.

Single-ended mixer implementations exhibit low efficiency and are therefore rarely
used in modern RF systems. A more efficient approach employs two switching elements
driven by differential LO signals, effectively commutating the RF signal. This topology,
known as a single-balanced mixer, improves conversion efficiency and provides partial
suppression of LO–RF feedthrough. However, LO–IF feedthrough remains significant. Fur-
ther suppression of LO-IF feedthrough can be achieved using a double-balanced topology,
which employs both differential LO and RF signals to cancel unwanted components [51].

In the direct-conversion architecture considered in this work, the IF is centered at
baseband, allowing the undesired LO-IF feedthrough component to be attenuated using
a properly designed low-pass filter (LPF). In addition, since the RF and LO frequencies
coincide, the resulting spurious components are further attenuated by the LPF response.

Double-balanced mixers exhibit increased implementation complexity due to the
requirement for baluns, precise device matching, and additional components, often result-
ing in higher conversion loss and increased parasitic effects compared to single-balanced
implementations.

Given its reduced complexity, lower conversion loss, and single-layer implementation,
the single-balanced mixer is selected as the most suitable solution for the proposed design.
This topology provides sufficient isolation for the intended application while maintaining
a favorable trade-off between performance and implementation complexity.

The schematic diagram of the proposed mixer architecture is shown in Figure 11.
The RF and LO signals are applied to the sum (Σ) and difference (∆) ports of a rat-race
coupler, respectively. The RF signal is split equally and remains in phase at both paths,
while the LO signal exhibits a 180◦ phase difference, alternately driving the two Schottky
diodes into conduction. One diode conducts while the other remains reverse-biased at any
given moment. This alternating conduction samples the RF signal, enabling the nonlinear
mixing process.

The common node of the two diodes collects the mixing products, which are routed
through a low-pass filter (LPF) to suppress the undesired harmonic content and retain only
the IF component. A capacitor C1 is conventionally placed at the IF node to attenuate any
residual RF and LO leakage. However, electromagnetic simulations showed that replacing
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this capacitor with a radial stub tuned at the RF and LO center frequencies yields improved
linearity performance. The radial stub behaves as a short circuit at RF and LO frequencies—
thereby blocking leakage toward the output—while presenting an open-circuit behavior
at the low IF frequency, allowing the IF signal to pass with minimal attenuation. This
approach effectively suppresses RF and LO leakage toward the IF port while establishing a
well-defined impedance environment at the diode output node.

Figure 11. Block diagram of the proposed single-balanced passive mixer.

In practice, at X-band frequencies, conventional SMT bypass capacitors exhibit non-
negligible parasitic inductance, which degrades the RF-to-DC isolation and partially loads
the RF path through the bias network. In contrast, the radial stub provides improved
RF-to-DC isolation at X-band frequencies, while the SMT capacitors remain effective at
lower frequencies.

At high LO drive levels, the Schottky diodes tend to self-bias, generating an undesired
DC component that increases the conversion loss and degrades port-to-port isolation.
To prevent this phenomenon, a DC grounding path is required without disturbing the
RF characteristics of the circuit. This requirement is satisfied by incorporating two short-
circuited λ/4 stubs (RFCs), tuned at the RF and LO center frequencies. These stubs offer a
low-impedance path to ground for the DC component and low-frequency IF components,
while presenting a high impedance at the RF and LO frequencies. As a result, the diodes
operate under stable biasing conditions, and the mixer operation remains stable. Figure 12
presents the layout of the implemented single-balanced passive mixer (the orange circular
symbols denote grounding vias).

For the implementation of the proposed single-balanced mixer, the commercially
available GaAs Schottky diode MA4E1317 (MACOM; Lowell, MA, USA) was selected
owing to its low junction resistance and junction capacitance. The large-signal equivalent-
circuit model parameters, comprising both parasitic components (Figure 13a) and nonlinear
(SPICE) elements (Figure 13b), were obtained using the extraction procedure described
in [53] and incorporated into the simulation environment. The complete set of extracted
parameters is summarized in Tables 1 and 2 [53].

Table 1. Parasitic parameters of the MA4E1317 Schottky diode.

Parameter Lpad (pH) Cpad (fF) Lf (nH) Cpp (pF) Cfp (pF)

Value 4.3 4 0.28 0.017 0.016
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Table 2. Nonlinear SPICE model parameters of the MA4E1317 Schottky diode.

Parameter Is (A) n Rs (Ω) M Cj0 (pF) Vi (V) Bv (V) Ibv (µA)

Value 1.2 × 10−13 1.22 3.15 0.48 0.02 0.67 10 10

Figure 12. The layout of the implemented single-balanced passive mixer.

Based on the preceding analysis and the extracted large-signal diode model, the pro-
posed single-balanced mixer was designed to meet several critical and often competing
performance requirements. Specifically, the mixer must achieve low conversion loss (tar-
get < 6 dB), high linearity (input-referred P1dB > 13 dBm), and high port-to-port isolation
(>30 dB). Achieving these specifications simultaneously in a compact, fully passive archi-
tecture is particularly challenging, especially for X-band maritime applications.

Figure 13. Parasitic component parameters (a) and nonlinear SPICE parameters (b) of the large-signal
equivalent model of the MA4E1317 Schottky diode.

To evaluate the proposed structure, Figure 14 compares the EM simulation results for
two IF-node topologies: (a) a conventional bypass capacitor and (b) a radial stub tuned
at 10 GHz. The simulations, performed at fLO = 9.35 GHz with PLO = 20 dBm, show
that replacing the capacitor with the radial stub results in improved linearity. A relatively
high LO drive level is used to ensure proper switching of the Schottky diodes. As a result,
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the input-referred 1-dB compression point increases from 7 dBm to 16.5 dBm, due to the
reduced parasitic capacitance and the higher out-of-band impedance of the radial stub,
which provides improved RF/LO termination at the IF node and reduces leakage toward
the output.

Figure 14. Comparison of the input-referred 1-dB compression point (P1dB) of the mixer at
fLO = 9.35 GHz and PLO = 20 dBm for the two IF-node implementations: (a) bypass capaci-
tor and (b) radial stub tuned at 10 GHz.

In addition to the 1-dB compression point, the linearity of the mixer was assessed
through second- and third-order intercept points, which are key metrics for evaluating
mixer linearity in direct-conversion architectures. Figure 15a illustrates the input third-order
intercept point (TOIin) as a function of LO drive power, together with the correspond-
ing conversion loss. As the LO power increases, the I IP3 improves from 17.5 dBm at
PLO = 17 dBm to 21 dBm at PLO = 21 dBm. This trend is consistent with the improved
switching behavior of the Schottky diodes under higher LO drive levels.

Moreover, Figure 15b presents the output second-order intercept point (OIP2) together
with the carrier-to-IM2 ratio as functions of LO drive power. Both metrics increase mono-
tonically with PLO, reaching values up to 68 dBm for OIP2 at the highest excitation level.
This behavior indicates effective suppression of second-order distortion products and high
signal purity at the IF output. Overall, the linearity results demonstrate that the proposed
mixer achieves stable performance and is well suited for high-dynamic-range X-band
receiver applications.

Figure 15. Mixer linearity versus LO drive power PLO: (a) input third-order intercept point (TOIin)
and conversion loss; (b) output second-order intercept point (OIP2) and carrier-to-IM2 ratio.

In addition to the linearity analysis, the mixer performance was further evaluated
in terms of conversion loss and port-to-port isolation as functions of the LO drive level.
Figures 16 and 17 present the EM simulation results obtained at a fixed LO frequency of
9.35 GHz for two representative RF frequencies, 9.2 GHz and 9.5 GHz, corresponding to
the lower and upper edges of the X-band maritime allocation.
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As shown in Figures 16a and 17a, the conversion loss decreases rapidly with increasing
LO power and stabilizes for PLO > 10 dBm in the range of 5–5.5 dB, which is considered
highly satisfactory for a single-balanced mixer architecture. The corresponding port-to-port
isolation results, depicted in Figures 16b and 17b, exceed 30 dB across the entire LO power
range. This behavior confirms the effectiveness of the hybrid-ring topology in combination
with the λ/4 matching networks in suppressing signal leakage between ports.

Figure 16. Conversion loss (a) and port-to-port isolation (b) of the mixer versus LO drive power PLO,
for fLO = 9.35 GHz and fRF = 9.2 GHz.

Figure 17. Conversion loss (a) and port-to-port isolation (b) of the mixer versus LO drive power PLO,
for fLO = 9.35 GHz and fRF = 9.5 GHz.

To further assess the broadband response of the proposed mixer, EM simulations were
performed for RF frequencies ranging from 8 GHz to 11 GHz and for two IF frequency
values, 50 MHz and 150 MHz, consistent with practical baseband frequency offsets in
direct-conversion receivers. Figures 18 and 19 present the simulated conversion loss and
noise figure for two representative LO drive levels of 15 dBm and 17 dBm, respectively.
The results indicate that the mixer response remains stable across the entire examined RF
range, with the conversion loss maintained at approximately 5 dB and the noise figure
closely following the conversion loss, remaining near 5 dB. This behavior demonstrates
the broadband performance of the proposed mixer, further confirming its suitability for
broadband direct-conversion X-band receiver applications.

Finally, Figures 20–22 present the port-to-port isolation performance of the mixer
in the 8–11 GHz RF band for different LO frequencies and drive levels. Specifically, LO
frequencies of 8.5, 9.35, and 10 GHz are examined for LO drive levels of 10 dBm and
15 dBm. The results show that the LO-IF and RF-IF isolations remain consistently 35 dB
throughout the examined range, ensuring effective suppression of undesired coupling and
stable mixer operation.
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Figure 18. Conversion loss and noise figure of the mixer versus RF input frequency for PLO = 15 dBm
at two IF frequencies: (a) 50 MHz and (b) 150 MHz.

Figure 19. Conversion loss and noise figure of the mixer versus RF input frequency for PLO = 17 dBm
at two IF frequencies: (a) 50 MHz and (b) 150 MHz.

Figure 20. Port-to-port isolation of the mixer versus RF input frequency for fLO = 8.5 GHz at different
LO drive power levels PLO: (a) 10 dBm and (b) 15 dBm.

Figure 21. Port-to-port isolation of the mixer versus RF input frequency for fLO = 9.35 GHz at
different LO drive power levels PLO: (a) 10 dBm and (b) 15 dBm.
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Particular emphasis is placed on LO-RF isolation, which is a critical parameter in direct-
conversion receivers. At the nominal LO frequency of 9.35 GHz, the isolation exceeds 30 dB,
providing sufficient mitigation of LO leakage toward the RF port. However, at 8.5 GHz
and 10 GHz, the isolation decreases to approximately 20 dB, reflecting the bandwidth
limitations and frequency-dependent imbalance of the hybrid and matching networks
toward the edges of the operating band, while remaining within acceptable limits for
practical operation.

Figure 22. Port-to-port isolation of the mixer versus RF input frequency for fLO = 10 GHz at different
LO drive power levels PLO: (a) 10 dBm and (b) 15 dBm.

4. Experimental Results
4.1. Measurement Setup and Calibration

For the experimental evaluation of both the power divider and the 90◦ hybrid coupler,
a Hewlett Packard (HP) HP8719D vector network analyzer (VNA) (Santa Rosa, CA, USA)
was employed. Since the VNA is equipped with only two ports, the measurements were
performed in successive configurations. In each configuration, two ports of the device
under test were connected to the VNA, while the remaining port was terminated with a
50 Ω matched load to ensure proper termination conditions. Although high-quality 50 Ω
terminations were employed, practical matched loads exhibit a finite reflection coefficient,
which may introduce a minor uncertainty in the measured isolation levels due to residual
reflections from the terminated port. By repeating this procedure for all port combinations,
the complete set of scattering parameters (S-parameters) was obtained.

The measurement frequency range was set from 8 to 12 GHz, covering the entire
X-band region of interest. Prior to the measurements, a two-port calibration procedure was
performed, with the calibration plane defined at the SMA connectors at the ends of the
measurement cables, in order to minimize systematic errors due to cable and adapter losses.

For the interconnection between the circuits and the VNA, SMP-to-SMA coaxial
adapters (Mini-Circuits 047-3SMPSM+; Brooklyn, NY, USA) were used. The total inser-
tion loss of the measurement chain, including adapters and cables, was estimated to be
approximately 2.5 dB over the frequency range of interest. This loss was taken into account
during data post-processing, so that the reported results accurately reflect the intrinsic
performance of the proposed circuits.

For the experimental evaluation of the single-balanced mixer, two identical signal
generators (HP 83711B; Santa Rosa, CA, USA) were used: one for driving the local oscillator
(LO) port and one for exciting the radio-frequency (RF) port. The intermediate-frequency
(IF) output was monitored using a spectrum analyzer (HP 8592B; Santa Rosa, CA, USA),
enabling the observation of the generated mixing products.

Following the calibration procedure, the actual RF input power delivered to the mixer
was experimentally verified. A deviation of approximately 5 dB was observed with respect
to the nominal output level indicated by the RF signal generator, and was independently
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confirmed using the VNA. Consequently, a correction factor of +5 dB was applied to the
reported RF input power levels to accurately reflect the effective excitation conditions at
the RF port of the mixer.

The same SMP-to-SMA adapters were used for the mixer measurements, with their
insertion losses also taken into account during data post-processing.

4.2. Experimental Characterization of the Power Divider

This subsection presents the measured S-parameter performance of the proposed
power divider. Figure 23 shows the fabricated PCB together with the experimental mea-
surement setup, which was also used for the characterization of the 90◦ hybrid coupler.
Figures 24 and 25 compare the simulated and measured responses over the 8–12 GHz
frequency range.

Figure 23. Measurement setup and fabricated PCB used for S-parameter characterization of the
Wilkinson power divider and the 90◦ hybrid coupler using the HP 8719D vector network analyzer.

Figures 24a and 24b present the simulated and measured phase and amplitude imbal-
ance between the two output ports, respectively. The phase imbalance remains within ±1◦

across the full frequency range and is further reduced to within ±0.2◦ in the 9.2–9.5 GHz
band. The amplitude imbalance remains within ±0.1 dB, demonstrating an almost ideal
equal power split between the output ports.

Figure 24. Simulated and measured imbalance characteristics of the proposed power divider between
the output ports: (a) phase imbalance and (b) amplitude imbalance, over the frequency range from 8
to 12 GHz.
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The transmission characteristics of the power divider are presented in Figure 25.
Specifically, Figure 25a shows the simulated and measured insertion loss (S21) and output-
port isolation (S32). The S21 response remains flat across the measured frequency range,
with a value close to the ideal 3 dB power split. Due to the circuit symmetry, S31 is nearly
identical to S21, with a measured deviation within ±0.1 dB, and is therefore omitted for
clarity. Good agreement between simulations and measurements is observed, with isolation
levels better than 15 dB across the full band and exceeding 20 dB in the 9.2–9.5 GHz range.

Figure 25b presents the corresponding input and output return loss, represented by S11

and S22, respectively, with S33 being identical to S22 due to circuit symmetry. All return-loss
values remain better than 15 dB over the entire frequency range. The measured data have
been post-processed to account for the insertion loss of the measurement setup, including
cables and adapters, as well as residual phase offsets introduced by the measurement
environment. Overall, the results verify the proper operation of the power divider and
confirm its suitability as a building block for the proposed receiver architecture.

Figure 25. Simulated and measured S-parameter performance of the proposed power divider:
(a) insertion loss (S21) and output-port isolation (S32); (b) input and output return loss (S11 and S22),
with S33 = S22 due to circuit symmetry.

4.3. Experimental Characterization of the Hybrid Coupler

The measured performance of the proposed 90◦ hybrid coupler is presented in this
subsection. The characterization was performed under the same measurement conditions,
using the experimental setup shown in Figure 23.

Figures 26a and 26b present the simulated and measured phase and amplitude im-
balance between the two output ports, respectively, over the 8 to 12 GHz frequency range.
The phase imbalance remains within approximately ±1◦ across the full frequency range and
is further reduced to within ±0.5◦ in the 9.2–9.5 GHz range, indicating stable quadrature
operation. Similarly, the amplitude imbalance remains close to ±0.3 dB, demonstrating
well-balanced power division between the output ports.

Figure 26. Simulated and measured imbalance characteristics of the proposed 90◦ hybrid coupler
between the output ports: (a) phase imbalance and (b) amplitude imbalance, over the frequency
range from 8 to 12 GHz.
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The transmission characteristics of the 90◦ hybrid coupler are shown in Figure 27.
Specifically, Figure 27a shows the simulated and measured insertion loss (S21) and output-
port isolation (S23). Due to circuit symmetry, S31 closely follows the response of S21 and is
therefore omitted for clarity. The isolation between the output ports remains close to or
better than 20 dB across the frequency range, confirming effective port decoupling.

Figure 27b presents the corresponding input and output return loss, represented by
S11 and S22, respectively, with S33 being identical to S22 due to symmetry. All return-loss
values remain better than 15 dB over the entire frequency range. Overall, the measured
results confirm the proper quadrature operation of the proposed 90◦ hybrid coupler and
validate its suitability for broadband X-band receiver architectures.

Figure 27. Simulated and measured S-parameter performance of the proposed 90◦ hybrid coupler:
(a) insertion loss (S21) and output-port isolation (S32); (b) input and output return loss (S11 and S22),
with S33 = S22 due to circuit symmetry.

4.4. Experimental Characterization of the Single-Balanced Mixer

The experimental measurement procedure of the mixer is illustrated in Figure 28.
The local oscillator (LO) frequency was set to 9.35 GHz, corresponding to the center of the
X-band maritime radar allocation, while the RF excitation frequency was set to 9.4 and
10 GHz to evaluate the mixer performance under nominal and edge-of-band operating
conditions. For selected RF frequencies and LO drive levels (11 and 20 dBm), the key
performance metrics of the mixer, including conversion loss and the 1-dB compression
point (P1dB), were extracted. In addition, second- and third-order mixing products (2IF and
3IF) were recorded to assess the spectral purity of the IF output.

Figure 28. Measurement setup and fabricated PCB employed for the experimental characterization
of the proposed passive mixer: (a) Spectrum analyzer monitoring the IF output (HP 8592B); (b) LO
generator (HP 83711B); (c) fabricated PCB of the mixer indicating the RF, LO, and IF ports under
measurement conditions.
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Figure 29 compares the simulated and measured conversion loss and 1-dB compression
point (P1dB) for an LO excitation at 9.35 GHz with a power level of 11 dBm and an RF input
signal at 9.40 GHz. The conversion loss remains nearly constant in the linear operating
region, with an average value below 5.5 dB, and increases as the RF input power rises and
the mixer enters the nonlinear operating regime. The input-referred 1-dB compression point
(P1dB) is identified at approximately 8.5 dBm, in agreement with theoretical predictions.

Figure 29. Comparison of simulated and measured results for the implemented mixer: (a) conversion
loss and (b) input-referred 1-dB compression point (P1dB), for fLO = 9.35 GHz, PLO = 11 dBm,
and fRF = 9.40 GHz.

The LO excitation power was then increased to 20 dBm while maintaining the LO
frequency at 9.35 GHz. The corresponding results for RF input frequencies of 9.4 and
10 GHz are shown in Figures 30 and 31, respectively. The conversion loss remains approx-
imately constant, at about 6 dB in the linear operating region, while the input-referred
1-dB compression point (P1dB) shifts to approximately 14.5 dBm for fRF = 9.40 GHz. This
behavior indicates improved linearity with increasing LO drive level, consistent with the
expected switching operation of the Schottky diodes.

Figure 30. Comparison of simulated and measured results for the implemented mixer: (a) conversion
loss and (b) input-referred 1-dB compression point (P1dB), for fLO = 9.35 GHz, PLO = 20 dBm,
and fRF = 9.40 GHz.

Figure 31. Comparison of simulated and measured results for the implemented mixer: (a) conversion
loss and (b) input-referred 1-dB compression point (P1dB), for fLO = 9.35 GHz, PLO = 20 dBm,
and fRF = 10 GHz.

Figure 32 presents the spectral behavior of the IF output for an LO frequency of
9.35 GHz and a power level of 11 dBm, with an RF input at 9.40 GHz. Figure 32a shows the
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output power of the fundamental IF component together with the second- and third-order
harmonics (2IF and 3IF), as a function of the RF input power. The fundamental component
increases approximately linearly, while the harmonic components remain at significantly
lower levels, indicating satisfactory spectral purity. As expected, the third-order component
exhibits a steeper increase with RF input power, reflecting the nonlinear behavior of the
mixing process.

Figure 32b presents the harmonic levels relative to the fundamental IF component,
expressed in dBc. Across a wide portion of the examined RF input power range, the har-
monic components remain more than 30 dBc below the fundamental IF tone, indicating
satisfactory spectral purity at the mixer output. Although this analysis is conducted at
an LO power level of 11 dBm, higher LO drive levels further improve linearity and har-
monic suppression.

Figure 32. Spectral response of the mixer IF output for fLO = 9.35 GHz, PLO = 11 dBm,
and fRF = 9.40 GHz: (a) output power of the fundamental IF component and the second- and
third-order harmonics (2IF and 3IF); (b) harmonic levels relative to the fundamental IF component,
expressed in dBc.

Overall, the experimental results confirm the proper operation of the implemented
single-balanced passive mixer and validate the adopted design methodology. Good agree-
ment between simulated and measured results is observed, verifying the predicted perfor-
mance in terms of conversion loss, input-referred 1-dB compression point, and spectral
purity at the IF output.

4.5. Overall Measured Performance Summary

Table 3 summarizes the measured and simulated performance of the proposed passive
I/Q downconversion subsystem, encompassing both the individual building blocks and
the resulting subsystem-level characteristics. The RF power divider and the 90◦ hybrid
coupler exhibit low insertion loss and well-controlled amplitude and phase imbalance,
enabling accurate quadrature signal generation, while the single-balanced passive mixer
demonstrates stable conversion behavior and adequate linearity. In addition to conventional
RF metrics, the table consolidates key subsystem-level performance indicators, including
I/Q imbalance, image rejection ratio, conversion loss, compression point, and spectral
purity. Measured results are reported where available, particularly for mixer-related metrics,
whereas circuit-level simulations are employed for port-to-port isolation.

Regarding the subsystem-level I/Q metrics, the I/Q amplitude imbalance and phase
error were obtained by combining the measured amplitude and phase imbalances of the RF
power divider and the LO hybrid coupler. Based on these measured values, the correspond-
ing image rejection ratios were computed for the complete I/Q subsystem. The proposed
implementation achieves image rejection ratios exceeding 30 dB, reaching up to 33 dB,
while maintaining I/Q amplitude imbalance within ±0.32 dB and phase error within
±1.41◦. These results confirm effective image suppression and accurate quadrature signal
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generation across the X-band frequency range. The reported conversion loss corresponds to
the mixer stage and remains approximately 6 dB, while the measured input-referred 1-dB
compression point of approximately 14 dBm confirms sufficient linearity for the intended
application. Performance further improves within the maritime radar allocation, where
enhanced balance and increased image rejection are observed, confirming the suitability of
the proposed architecture for broadband passive I/Q receiver operation.

Table 3. Overall performance summary of the passive I/Q downconversion subsystem and the
maritime radar allocation.

Circuit Parameter
X-Band Marine Radar

Unit Remarks
Min Typ Max Min Typ Max

Power Divider

Insertion Loss – −3.2 – – −3.2 – dB
Input Return Loss −25 −18 −15 −18 −17 −16 dB
Output Return Loss −28 −20 −17 −25 −20 −17 dB
Output Isolation −24 −20 −18 – −24 −24 dB
Amplitude Imbalance – ±0.1 ±0.1 – ±0.1 ±0.1 dB
Phase Imbalance – ±1 ±1 – ±0.2 ±0.2 deg

90◦ Hybrid

Insertion Loss – −3.2 – – −3.2 – dB
Input Return Loss −25 −20 −15 −25 −24 −20 dB
Output Return Loss −35 −18 −15 −35 −25 −18 dB
Output Isolation −26 −20 −18 −26 −24 −24 dB
Amplitude Imbalance – ±0.3 ±0.3 – ±0.3 ±0.3 dB
Phase Imbalance – ±1 ±1 – −1 −1 deg

Mixer

Conversion Loss 5.5 5.8 6 5.9 6 6.1 dB
Conversion Loss Flatness – ±0.25 – – ±0.05 – dB
IP1dB – 13.5 – – 14.5 – dBm P(LO) = 20 dBm
LO Power Level – 20 – – 20 – dBm
IF Harmonic (2IF) – > 30 – – 30 – dBc P(LO) = 11 dBm
IF Harmonic (3IF) – > 30 – – 30 – dBc P(LO) = 11 dBm

I/Q Metrics

Amplitude Imbalance – ±0.32 ±0.4 – ±0.32 ±0.4 dB
Phase Error – ±1.41 ±2 – 1 ±1.2 deg
IRR – 31.7 28.5 – 33.7 31.8 dB
Conversion Loss (RF-IF) – 5.9 6.1 – 6.1 6.2 dB Source : Mixer
IP1dB – 13.5 – – 14.5 – dBm

Spectral

IF Purity – >30 – – >30 – dBc
LO-RF Isolation – 32 32 – 32 32 dB
LO-IF Isolation – 38 38 – 38 38 dB
RF-IF Isolation 28 30 32 – 28 28 dB

5. Discussion in the Context of the State-of-the-Art
The objective of this work is the design and experimental validation of a passive I/Q

downconversion subsystem, comprising an RF power divider, a 90◦ hybrid coupler, and a
passive mixer, rather than the realization of a complete receiver chain. Within this scope,
emphasis is placed on achieving a well-balanced and low-complexity subsystem with
minimal calibration requirements over the targeted X-band and maritime radar allocation.
Direct comparison with prior work is not straightforward, since most reported designs
either focus on individual building blocks or consider substantially different bandwidths
and system configurations.

Table 4 compares the performance of the proposed coupled-line Wilkinson power
divider in comparison with representative state-of-the-art implementations reported in
the literature. The comparison indicates that the proposed divider achieves competitive
performance in terms of phase and amplitude balance while maintaining high output-port
isolation across the operating band. In particular, the obtained results demonstrate that the
adopted coupled-line Wilkinson topology provides a favorable trade-off between electrical
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performance and implementation complexity. Moreover, while competitive performance is
maintained across the entire X-band, improved balance characteristics are achieved within
the targeted maritime radar sub-band. These results confirm the suitability of the proposed
architecture for broadband X-band direct-conversion receiver applications, where accurate
signal balance and low implementation complexity are important design requirements.

Table 4. Performance comparison of the proposed coupled-line Wilkinson power divider with
representative power divider implementations reported in the literature.

Ref. Implementation fc (GHz) FBW (%) Phase Imbalance
(◦)

Amplitude
Imbalance (dB) Isolation (dB)

[25] Spiral-Coupled-Line
Wilkinson

33 (48.8%) 0.336 0.011 >10

[26] Multilayer SIW 9.95 (19%) ±2.5 ±0.5 >15

[27] Ring-Shaped
SIW Wilkinson

10 (24%) ±3 ±0.5 >15

[28] SIW E-Plane 10 (40%) ±8 ±1 20
[29] SIW Divider 16.5 (36%) ±2.2 ±0.5 >15

[30] Half-Mode
SIW Wilkinson

10.9 (91.7%) ±4 ±0.5 >15

[31] Hybrid
CPWG/SIDGS 9.7 (47.4%) ±0.7 ±0.13 >12

This work
Coupled-Line

Broadband
Wilkinson

10 (40%) ±1 ±0.1 20
9.35 (3.2%)

(Marine Radar) ±0.2 ±0.1 24

Broadband quadrature-generation networks are key components of direct-conversion
receiver architectures, since their phase and amplitude characteristics directly influence
I/Q matching and image-rejection performance. Table 5 compares the performance of the
proposed broadband 90◦ hybrid coupler with representative implementations reported
in the literature. The comparison indicates that the proposed architecture achieves com-
petitive quadrature-generation performance across the operating band while maintaining
a relatively simple implementation. These characteristics highlight the effectiveness of
the proposed hybrid coupler for broadband I/Q signal generation and demonstrate its
suitability for practical X-band direct-conversion receiver architectures.

Table 5. Performance comparison of the proposed broadband 90◦ hybrid coupler with representative
hybrid coupler implementations reported in the literature.

Ref. Implementation fc (GHz) FBW
(%)

Phase
Imbalance (◦)

Amplitude
Imbalance (dB) Isolation (dB) Multi-Layer

[24]
Coupled-Line Divider

+ Phase Shifter 3 (92%) ±5 <1 18 No

[35] Shorted Coupled 3-Line 1.9 (55%) ±3.2 1 20 No

[36]
Octagon UWB

Coupler 6.8 (110%) ±10 – 18 Yes

[40]
Coupled-Line Divider

+ Phase Shifter 3 (75.67%) <±5 0.4 15 No

This work
Coupled-Line Divider

+ Phase Shifter

10 (40%) ±1 ±0.3 20 No
9.35 (3.2%)

(Marine Radar)
1 ±0.3 24 No
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The mixer stage constitutes the most critical component in terms of linearity and
overall subsystem performance. Table 6 compares the performance of the proposed passive
mixer with representative passive mixer implementations reported in the literature. It
should be noted that the referenced designs employ diverse semiconductor technologies,
operating frequencies, and LO excitation levels; therefore, the comparison should be re-
garded as indicative rather than strictly equivalent. Within this context, the proposed
design achieves competitive performance with respect to representative passive mixer
implementations. In particular, the proposed architecture provides a favorable trade-off be-
tween conversion loss and linearity while maintaining a simple PCB-based implementation.
These characteristics validate the adopted design approach and demonstrate the suitability
of the proposed mixer for broadband X-band direct-conversion receiver applications.

Table 6. Performance comparison of the proposed mixer with representative passive mixer imple-
mentations reported in the literature.

Ref. Process Freq. Min
(GHz)

Freq. Max
(GHz) LO (dBm) Conv. Loss

(dB)

LO–RF
Isolation

(dB)
P1dB

[45] HTS 7.8 9.8 −30 5.5 60 –

[46] 45 nm
CMOS 8 30 – 12.5–15.5 – 4.2–7

[47] 45 nm
CMOS 7 20 −1 8–11.7 >20 19.7–25.1

[48] GaAs
0.15 µm 2 22 15 10 20 –

[49] GaAs
0.15 µm 8 26 14 <8.5 (Typ.)

6.5 >27 IIP3 15 dBm

This work Hybrid PCB 8 12 11/20 5.5–6 >30 (typ.) 8.5/14.5

From a system-level perspective, the presented results demonstrate that a fully passive
I/Q subsystem can achieve robust performance without active correction mechanisms.
By combining carefully designed RF and LO distribution networks with a passive mixing
stage, the implementation maintains controlled amplitude and phase balance across the
operating band, directly supporting effective image suppression.

The measured performance of the individual building blocks, together with the corre-
sponding state-of-the-art comparisons, validates the proposed design methodology and
confirms the suitability of the proposed architecture for practical broadband X-band direct-
conversion receiver implementations.

6. Conclusions
This paper presented the design, implementation, and experimental validation of a

passive X-band I/Q downconversion subsystem intended for maritime radar applications.
The proposed architecture combines an RF power divider, an LO 90◦ hybrid coupler,
and a single-balanced passive mixer to realize quadrature signal generation for a direct-
conversion receiver using a fully passive microstrip implementation on a two-layer Rogers
RO4350B substrate.

The experimental results demonstrated accurate I/Q signal generation across the
X-band frequency range. By combining the measured amplitude and phase imbalances of
the RF power divider and the LO 90◦ hybrid coupler, the complete subsystem achieved an
amplitude imbalance within ±0.32 dB and a phase error within ±1.41◦, resulting in image
rejection ratios exceeding 30 dB across the X-band frequency range. These results confirm
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effective image suppression and accurate quadrature signal generation without the need
for active calibration techniques.

The proposed single-balanced passive mixer exhibited a conversion loss of approxi-
mately 6 dB while maintaining an input-referred 1-dB compression point of up to 14.5 dBm.
Furthermore, the use of a radial stub at the IF node was shown to improve the RF/LO
termination conditions and provide a more favorable impedance environment at the diode
output node compared to a conventional bypass-capacitor implementation.

The best performance was obtained within the maritime radar allocation (9.2–9.5 GHz),
where the subsystem exhibited improved amplitude and phase balance, enhanced image
rejection reaching approximately 33 dB, and an increased input-referred 1-dB compression
point. These results further validate the suitability of the proposed architecture for X-band
maritime radar receiver applications. Overall, the obtained results demonstrate that high-
quality passive I/Q signal generation can be achieved using a low-complexity architecture,
providing a practical balance between image rejection, input-referred 1-dB compression
point, insertion loss, and implementation cost.

Future work will focus on the integration of the proposed subsystem into a complete
direct-conversion receiver, including front-end amplification, bandpass filtering, and base-
band signal processing.
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