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This paper presents a low-loss, sharp roll-off, and wideband millimeter-wave contiguous diplexer implemented on 0.127mm-
thick TLY5 dielectric material to separate U-band frequency range into two jointed frequency ranges of 40-50GHz and 50-
60GHz using two low-pass and high-pass filter channels. In order to integrate the diplexer in the front end of a wideband
millimeter-wave down-converter and evaluate the frequency response, the proposed diplexer is supported by three add-on
waveguide-to-suspended-stripline transitions. The final design of diplexer consisting of a low-pass filter with cut-off frequency
of 50GHz, a pseudo-high-pass filter with crossover at 50GHz, and a T-junction is analyzed and optimized together with a 3D
full-wave simulator. The realized diplexer features a VSWR of 2.5 : 1 across the entire operation frequency band of 40-60GHz,
low passband insertion loss of less than 2 dB in both channels, stopband rejection higher than 45 dB, and compact size with
dimensions of 27 × 13mm2 due to its intelligent and guided design and technology selection.

1. Introduction

Due to some attractive features of millimeter-wave frequency
bands including channel safety, less spectral crowding, higher
data rates, and increased spatial resolution, millimeter-wave
devices have been used in various applications such as trans-
ceivers, automotive radars, and imaging systems [1–3].
Diplexers, either planar or nonplanar configurations, are usu-
ally used in the front end of modern communication systems
and test instruments where broadband common input signal
has to be separated into two distinct subbands for further sig-
nal processing. Also, diplexers can be used to transmit and
receive signals by applying a single antenna. Furthermore,
diplexers can reduce the number of RF-components which
are needed for subchannels in single receiving mode. So to
meet these requirements, contiguous diplexers with low inser-
tion loss, high isolation between subchannels, sharp band-
edge roll-off, and high selectivity are needed. Diplexers are
usually made of low-pass and high-pass filters or they are
designed by a combination of bandpass filters. These filters
can be connected to each other by different structures such

as E-plane and H-plane power dividers, circulators, Y-junc-
tions, and T-junctions which may be the most popularly used
combining circuits [4–7].

Although microstrip planar diplexers have been exten-
sively studied in recent years because of advantages, such
as compact size, easy fabrication, and integration capability
[ 8, 9], they suffer from high losses and low power transmis-
sion capability. However, waveguide diplexers have low loss
and high isolation between channels, but they are massive
and relatively expensive; consequently, they are not suitable
for integrated circuits [10, 11]. The suspended stripline
(SSL), which has a substrate suspended symmetrically
between two ground planes, has some attractive features
including lower loss over wider frequency range of opera-
tion, flat group delay, and better temperature stability com-
pared with microstrip and stripline [12]. Thickness of
dielectric layer is much smaller than cavity height resulting
in an effective dielectric constant near to one. Hence,
quasi-TEM will be a dominant propagation mode causing
wider frequency range of operation with less dispersion
and lower dielectric loss. Also, SSL has lower current density
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on the metal leading to lower conduction loss and higher Q
factor. Besides, small changes in dielectric constant due to
temperature variations have small impact on the propaga-
tion characteristics. Therefore, SSL has better temperature
stability. Furthermore, the shielding metal enclosure blocks
the radiation from other parts of the system.

In recent years, various multiplexers with very good
functionality have been presented, while most of them are
usually narrowband, noncontiguous, or have both disadvan-
tages [13–15]. However, some contiguous and wideband
multiplexers also have been proposed. In Ref. [16], a contig-
uous planar diplexer in SSL technology with two channels
from DC to 40GHz and 40 to 80GHz has been presented.
This diplexer features rejection of around 30 dB at 40% away
from crossover. Ashiq and Khanna have proposed some
ultrabroadband contiguous diplexers using SSL technology
with a combination of low loss and steep band-edge low-
pass and high-pass channels [17–19]. Ref. [17] describes a
planar diplexer with stopband rejection of around 38 dB in
both channels, including DC-35GHz and 35-65GHz, while
its 30 dB roll-off point is at 10% away from crossover. Also,
Ref. [18] presents a hybrid nonplanar diplexer covering
DC-36GHz and 36-66GHz channels. This diplexer, imple-
mented using waveguide and SSL technologies, has stopband
rejection of around 30 dB with 30 dB roll-off point at 7.6%
away from crossover. They also proposed another planar
diplexer using liquid crystal polymer (LCP) in Ref. [19].
The low-pass and high-pass channels of this design cover
bandwidth of DC-66GHz and 66-100GHz with stopband
rejection of 35 dB, and insertion loss falls below 30 dB at
7.5% away from crossover. However, high precision fabrica-
tion process is required to implement this design.

This paper presents a wideband and contiguous diplexer
to be used in the front end of an integrated U-band down-
converter as shown in Figure 1. In this down converter, the
received signal by a U-band pyramidal horn antenna is
guided by WR19 standard waveguide, and then, the 40-
60GHz input signal is delivered to an integrated board
through a WR19 waveguide-to-SSL transition.

This diplexer separates the incoming amplified output
signal of a low noise amplifier (LNA) into two jointed fre-
quency bands of 40-50GHz and 50-60GHz. Then, these high
frequency subbands are down-converted to frequency range of
5-15GHz which is suitable for further signal processing.

Figure 2 demonstrates a contiguous diplexer combining
shunt low-pass and high-pass filters connected with a com-
mon junction. To minimize reflections and obtain matched
input, the complex input admittances, YLPF and YHPF, of two
filters should satisfy the equation below at all frequencies [16]:

Y in = YLPF + YHPF = Y0: ð1Þ

Considering purely real reference admittance Y0, the above
condition can be separated into two following conditions [16]:

Re YLPFð Þ + Re YHPFð Þ = Y0,
Im YLPFð Þ + Im YHPFð Þ = 0:

ð2Þ

Thediplexer comprised two low-pass andpseudo-high-pass
filter channels connected to WR19 waveguide-to-SSL transi-
tions. The low-pass and pseudo-high-pass filters are realized
using the13th-order generalizedChebyshev and13th-orderChe-
byshev low-pass prototypes, respectively, in SSL technology to
achieve low loss and wideband filters with sharper band-edge
roll-off response and better stopband rejection overwider band-
width. The diplexer is implemented on a 0.127mm-thick TLY5
substrate with a dielectric constant of 2.2 and loss tangent of
0.009 which is suspended symmetrically in a metal waveguide
channel with maximum width of 2mm and 0.961mm height.
To complete the construction of diplexer, two filters are con-
nected to each other by an input commonT-junction, and then,
the first series and the first shunt elements of both of them are
optimized to have good impedance matching. Following this,
WR19 waveguide-to-SSL transitions are added to filter ports
to be able to integrate the proposed diplexer in the front end of
a millimeter-wave U-band down-converter. Full-wave simula-
tion is further used to validate the diplexer design. Then, exper-
iment is conducted to verify the diplexer performance.

2. Design and Simulation

Herein, a wideband contiguous diplexer is needed to be used
in the front end of a U-band down-converter with design
specifications described in Table 1.

The structure of diplexer is comprised of a low-pass filter
connecting to a pseudo-high-pass filter in parallel with a
common input T-junction. To form a contiguous diplexer,
filters should satisfy equation (1) which are usually known
as complementary filters. Design of filters must be started
with an appropriate low-pass prototype to satisfy the afore-
mentioned design specifications.

A lumped-element contiguous diplexer can be consid-
ered as a network realized by shunting low-pass and high-
pass sections as shown in Figure 3 in which N indicates
the degree of filters. As mentioned, low-pass channel is real-
ized by the generalized Chebyshev prototype. Each shunt
resonant branch of the distributed generalized Chebyshev
low-pass prototype can be represented by a capacitive
branch and hence shunt open circuit stub. So lumped-
element circuit can be shown as Figure 3 in which the values
of the first series and the first shunt normalized elements of
each channel are illustrated. To achieve good impedance
matching in contiguous diplexer, the first series and the first
shunt elements of low-pass and high-pass sections must be
modified. So to form a diplexer with desirable specifications,
two filters must be designed individually in the first step.
Then, they should be connected to each other by means of
a wideband common input junction. The final step involves
optimizing the first elements of both filters to obtain well-
matched input port.

As discussed, different technologies can be applied to
realize a diplexer. Herein, max-to-min characteristic imped-
ance ratio and nominal insertion loss versus frequency of a
suspended stripline and a microstrip line are compared
and shown in Figure 4. As seen, insertion loss in both cases
increases at higher frequencies, while microstrip has much
more losses compared to SSL. Also, max-to-min achievable

2 International Journal of RF and Microwave Computer-Aided Engineering



characteristic impedance ratio of two transmission lines is
compared as demonstrated in Figure 4. As seen, although
the realizable impedance ratio in SSL technology is 20%
smaller than microstrip technology, SLL enjoys extremely
low insertion loss, which is one fifth of the microstrip tech-
nology (0.05 dB/cm in comparison with 0.25 dB/cm of
microstrip technology). Nevertheless, distributed circuit of
diplexer is realized using SSL technology due to its advan-
tages. The low-pass filter is implemented on one side of
the substrate, while pseudo-high-pass filter is realized on
both sides of the substrate to achieve tight coupling by form-
ing broadside-coupled sections.

Higher-order mode propagation and unwanted reso-
nances within the cavity are important concerns which must
be considered in design of millimeter-wave suspended stri-
pline devices because they can destroy the attenuation or
rejection characteristics of filters. For proper single mode
operation up to desirable frequency, dimensions of SSL
cross-section must be determined in the first step. To ensure
that dominant propagation mode is quasi-TEM in operation
frequency band, the cut-off frequency of SSL is set to be

above 75GHz. The cut-off frequency is calculated from the
equation below [20]:

f c =
c
2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − h
b

εr − 1
εr

� �

s

, ð3Þ

where a and b are the width and the height of channel,
respectively, c is the speed of light, h is the substrate height,
and εr is the relative permittivity of the substrate.

Figure 5 indicates how the width of cavity affects the cut-
off frequency of TE10 mode in terminal ports of SSL struc-
ture. As shown in Figure 5, reducing the cavity width moves
the cut-off frequency of TE10 mode to higher frequencies.
Thus, for single mode operation up to 75GHz, the width
of waveguide channel has to be smaller than 2mm.

Also, to ensure that no unwanted resonance happens
along the height of cavity in desirable frequency band of
operation, b is set to be smaller than λ/4 at 75GHz.

2.1. Low-Pass Filter Design. To design low-pass filter with
cut-off frequency of 50GHz with passband ripple of 0.1 dB
and specifications mentioned in Table 1, a 13th-order gener-
alized Chebyshev low-pass prototype is considered. A gener-
alized Chebyshev prototype is more preferred rather than
the conventional Chebyshev because it can achieve high
selectivity according to design specification due to transmis-
sion zeros at order ðN − 1Þ at a finite frequency near to
band-edge and a single zero at infinity. However, elliptic
function prototype is realized with minimum possible degree
for a given selectivity and passband ripple, but physical real-
ization of the generalized Chebyshev prototype with the
same degree and close selectivity is much easier due to
smaller range of impedance variations which are required
to realize a printed circuit [21].

Authors recently published a paper [12] and completely
described the design method of single low-pass filter using
the 13th-order generalized Chebyshev prototype in SSL tech-
nology. Also, simulation and measurement results of single
low-pass filter have been presented in Ref. [12].

LPF

HPF

YLPF

YHPF
Yin

Y0

Y0

Y0

Figure 2: Schematic of contiguous diplexer.

Table 1: Design Specifications.

Parameter Value Freq. range

Input VSWR 2.5 : 1 40–60GHz

Passband loss ≤2 dB 40–60GHz

Crossover insertion loss ≤7 dB At 50GHz

Stopband rejection ≥45 dB 10% away from cut-off

BPF

BPF

PLL

Diplexer

Ant LNA WG to SSL
transition

Amp
Amp

Amp

×M

×N

Power divider
SMA out

5–15 GHz

5–15 GHz

RF: 50–60 GHz

RF: 40–50 GHz

LO: 45 GHz

LO: 35 GHz

IF: 5–15 GHz

LPF: DC–18 GHz

LPF: DC–18 GHz

IF: 5–15 GHz

Amp

Figure 1: U-band down-converter block diagram.
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2.2. Pseudo-High-Pass Filter Design. Many filtering circuits
are designed based on coupled transmission lines. To realize
ultrawideband filters, tightly coupled resonators with very
small separation distance are required. So design and realiza-
tion of millimeter-wave circuits using capacitive gap-coupled
transmission lines and paralleled-coupled resonators are too
difficult due to the critical tolerance of fabrication. SSL tech-
nology can be used to overcome the limits of line separation,
and hence, much larger range of required impedance values
can be realized using broadside-coupled lines. Broadside-
coupled suspended stripline, firstly analyzed by Bhartia and
Pramanick [22], benefits from tight coupling and low loss
making it suitable for designing microwave and millimeter-
wave devices. In this contribution, a broadband filter is
designed using coupled line SSL resonators on both sides of
the substrate. Indeed, this filter is a bandpass filter with wide
enough passband which functions as a pseudo-high-pass fil-
ter in the operation frequency band.

Here, the 13th-order Chebyshev low-pass prototype is
used to design a broadband pseudo-high-pass filter with
cut-off frequency of 50GHz, passband ripple of 0.1 dB, and
specifications given in Table 1. This filter is realized using

edge-coupled λ/2 resonators in which the overlapping length
of broadside-coupled sections determines values of the series
capacitances. Based on the design approach of coupled line
filters established in Ref. [23] and by given normalized ele-
ment values of the Chebyshev prototype, the corresponding
even- and odd-mode impedances and relevant effective
dielectric constants of coupled line sections are determined
[24]. The length of each resonator is ideally half wavelength
at the center frequency of passband, but because of different
values for even- and odd-mode effective dielectric constants,
the exact length of resonators can be determined as equa-
tions developed in Ref. [25]. By setting the internal imped-
ance levels to have resonators with desired Q factor, the
width of coupled lines is calculated using the equations in
Ref. [12] with respect to channel dimensions.

2.3. Waveguide-to-Suspended-Stripline Transition. To mea-
sure the response of diplexer up to millimeter-wave frequen-
cies, three WR19 waveguide-to-SSL transitions are necessary
to be integrated with diplexer ports. These transitions should
be able to guide maximum energy from TE10 dominant
mode of WR19 standard U-band waveguide to quasi-TEM
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Terminal port of flter

Suspended stripline

0.7 mm

1.4 mm

WR19 Waveguide

(a)

Back–short metal wall

(b)

Figure 6: WR19 waveguide-to-SSL transition: (a) top view, (b) 3D view.
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mode in SSL. Herein, a broadside probe-type transition,
demonstrated in Figure 6, is used. The probe is an extension
of suspended stripline into the waveguide so that its sur-
face faces the direction of propagation in the waveguide.
Probe shape and inserted stub into the waveguide are
critical parameters to achieve good matching and mode
conversion. Also, the distance between the probe and the
back-short metal wall is determined equal to one quarter
of guided wavelength, λg/4, to flow maximum energy in
propagation direction.

2.4. Simulation. Designed structures including low-pass fil-
ter, pseudo-high-pass filter, and WR19 waveguide-to-SSL
transition are analyzed using a 3D full-wave simulator.

Dimensions of low-pass filter are optimized so that
design specifications are satisfied. The filter comprises of
shunt stubs with different lengths and hence different reso-
nance frequencies leading to wider stopband. Stepped
impedance resonators also result in better impedance
matching with common transmission line. The simulated
S-parameters of low-pass filter after final optimizations are
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Figure 8: (a) Input impedance of single low-pass and single pseudo-high-pass filters. (b) Input impedance of diplexer formed by shunting
low-pass and pseudo-high-pass filters.
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illustrated in Figure 7. The return loss is better than 10dB in
DC-50GHz with very low passband insertion loss. Designed
filter also shows high selectivity and wideband rejection of
higher than 45dB except within 9.2% of band-edge frequency.

The configuration of pseudo-high-pass filter includes
SSL resonators with different strip widths and offsets.
These parameters are optimized such that good impedance
matching and resonators with desired Q factor are obtained.
S-parameters of simulated pseudo-high-pass filter are demon-

strated in Figure 7. The filter response shows the return loss
better than 10dB in 50-75GHz with very low insertion loss
due to SSL. This filter has almost sharp rejection so that S31
falls 45dB at 13.8% away from the band-edge.

After the design of low-pass and high-pass filters, it is
time to form diplexer by shunting two filters through an
input common T-junction. Figure 8 demonstrates input
impedance of single low-pass and single pseudo-high-pass
filters as well as input impedance of diplexer after
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Figure 9: 2D layout of diplexer.

Table 2: Dimensions of diplexer.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

Wh1 =Wh12 0.6 Wl1 1.55 Ll1 1.4
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Wh3 =Wh10 0.6 Wl3 2 Ll3 1.06
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Figure 10: VSWR and insertion loss of back-to-back WR19 waveguide-to-SSL transition.
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connecting filters with common input junction. As seen in
Figure 8(a), both filters have suitable input impedance in
their passband, while they affect each other when they are
connected as shown in Figure 8(b). By connecting filters,
the first series and the first shunt elements of two filters
may resonate with each other causing undesirable notch in
the passband of diplexer channels. So the length and the
width of first capacitive and inductive sections of both low-
pass and high-pass channels must be optimized to have good
VSWR across the entire bandwidth of diplexer. The 2D
layout of diplexer consisting of low-pass filter, pseudo-
high-pass filter, and common T-junction is demonstrated
in Figure 9. The diplexer dimensions, shown in Figure 9,
are listed in Table 2. The low-pass filter is implemented on
the single side of the substrate while the strips determined
by dash lines show coupled sections of pseudo-high-pass fil-
ter on the opposite side of the substrate.

Based on the described approach, an optimal transition,
as illustrated in Figure 6, is designed using TLY5 substrate
with a thickness of 0.127mm and then analyzed by a full-
wave simulator. Input VSWR and insertion loss of designed
back-to-back transition are presented in Figure 10. As seen,
input VSWR is better than 1.5 : 1 over the entire 37-67GHz,
and insertion loss is lower than 0.5 dB.

To complete the structure of diplexer, WR19
waveguide-to-SSL transitions are added to terminal ports
of filter channels as shown as an inset picture in Figure 11.
Since three U-band coaxial-to-waveguide adaptors are
required to evaluate the diplexer performance and also to
ensure that waveguide modes will not be propagating in the
desirable operation frequency band, the input and output
transmission line sections of filters are extended with respect
to the adaptor dimensions. However, high rejection of
designed filters also suppresses higher-order waveguide modes

at terminal ports of structure. Simulation results of the entire
diplexer including transitions can be found in Figure 11. As
seen, input VSWR is better than 2.5 : 1(a return loss of better
than 7.3 dB) over the entire 40-60GHz except around
40GHz where it increases to 3.3 : 1. To find the reason, current
distribution on diplexer at 40GHz is computed and depicted
in Figure 12(a). As illustrated in Figure 12(b), the resonance
of first series and first shunt elements of filters occurring at
31.2GHz affects the VSWR at 40GHz. For better results, this
resonance frequency should be moved away to lower fre-
quency. But the cut-off frequency of dominant TE10 mode
limits this improvement. The passband insertion loss of both
channels is lower than 2dB. Also both channels have wide-
band rejection of higher than 45dB and sharp rejection such
that the insertion loss of low-pass and high-pass channels falls
below 45dB at 8.7% and 12.3% away from the crossover,
respectively. The crossover point is at 49.9GHz with insertion
loss of 5 dB.

3. Fabrication and Measurement

The box of the structure is made using brass. The box consists
of two parts so that printed circuit board (PCB) is located
between them, and they are fastened to each other with
prepared screws. Two parts of the metal box is electrically con-
nected by the rows of vias along the edges of the waveguide
channels. Also, some alignment pins provide accurate posi-
tioning of the suspended stripline in waveguide cavity. The
transitions are also implemented as a part of the whole box.

Figure 13 demonstrates the fabricated diplexer. For S-
parameter measurement, U-band 1.85mm coaxial-to-
waveguide adaptors are added to the diplexer structure. An
Agilent vector network analyzer (VNA) is used for
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Figure 13: Fabricated diplexer connected to VNA ports and matched to 50Ohm load at one port.
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measuring the diplexer response. As network analyzer pro-
vides only two ports, during measurement of each filter
channel’s response, the other output port is matched to
50Ohm load. Before measuring the S-parameters of the
diplexer structure, the through connection was formed by
connecting two adaptors directly back to back. By measuring
the S-parameters of this back-to-back configuration, the fil-
ter response from output of adaptors as reference planes
can be determined.

Figure 14(a) shows measured S-parameters from defined
reference planes as well as simulation results of the realized
diplexer. Both simulation and measurement results include
WR19 waveguide-to-SSL transitions. Measured results dis-
play a return loss of better than 7.3 dB (VSWR <2.5 : 1)
and a maximum insertion loss of 2 dB at operation fre-
quency band of 40-60GHz. However, the return loss
approaches to 5.5 dB near 40GHz in agreement with simula-
tion results. Both filters show high rejection and sharp roll-
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Figure 14: Measured S-parameters of fabricated diplexer: (a) input return loss and insertion loss of both channels, (b) isolation and return
loss of output ports.
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off so that both low-pass and high-pass channels have a
wideband rejection of higher than 45dB except almost
9.4% and 13.3% of band-edge frequency, respectively. The
crossover is measured at 50.1GHz with insertion loss of
7 dB. Figure 14(b) also displays the measured isolation and
return loss of output ports. The proposed diplexer has a
good isolation of higher than 30 dB between two outputs
except almost 2.8% away from crossover. Also, output
VSWR is better than 2.5 : 1 (a return loss of better than
7.3 dB) over the entire 40-60GHz frequency range. So the
measured results are relatively in good agreement with the
simulation response of diplexer if considering the complex-
ity of the circuit and fabrication tolerance. Therefore, the
small shift in frequency of crossover and the observed devi-
ations between simulation and measurement results are
probably caused by manufacturing tolerances and marginal
excitation of higher-order modes. In Table 3, the achieved
results for proposed diplexer are compared with respect to
earlier works in Refs. [16–19]. All these works have been
implemented using the conventional Chebyshev low-pass
prototype while our design enjoys the 13th-order generalized
Chebyshev as low-pass channel and the 13th-order Cheby-
shev as high-pass channel. Indeed, the proposed design has
better selectivity and higher stopband rejection in wide
bandwidth of 40-60GHz rather than the earlier works as
compared in Table 3. The realized diplexer also benefits
from compact size so that by excluding feeding lines and
transitions, its dimensions are only 27 × 13mm2.

4. Conclusion

A wideband contiguous diplexer in suspended stripline tech-
nology with low-pass and high-pass channels covering 40-
50GHz and 50-60GHz, respectively, is implemented on a
TLY5 dielectric material with a dielectric constant of 2.2.
Three WR19 standard waveguide-to-SSL transitions with
VSWR of better than 1.5 : 1 across the entire 37-67GHz have
been added to diplexer ports allowing integration in the front
end of a U-band millimeter-wave down-converter and evalu-
ation of diplexer response. The diplexer has a VSWR better
than 2.5 : 1 across the almost frequency range of 40-60GHz
with low insertion loss of less than 2dB. Also, the diplexer
features high stopband rejection of better than 45 dB with
sharp rejection so that 45 dB roll-off point for low-pass and
high-pass channels is at 9.4% and 13.3% away from the cross-
over at 50.1GHz, respectively. Furthermore, the proposed
diplexer has a good isolation of higher than 30 dB between
two outputs except almost 2.8% away from crossover. How-
ever, small observed deviations between simulation and

measurement results are mainly caused by fabrication errors
such as the tolerance on low-cost etching of PCB, box milling
error, inaccurate alignment of suspended striplines in wave-
guide channels, marginal excitation of higher-order modes,
and effects of undesirable resonance frequencies.
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