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Abstract—A 290–310 GHz Schottky diode based subharmonic
mixer with integrated, low loss, impedance matching waveguide
cavity filters is presented in this paper. This mixer was designed
for use in a 300 GHz communication system with a 20 GHz inter-
mediate frequency band centred at 15 GHz. Image rejection of the
260–280 GHz lower sideband, as well as impedance matching, was
achieved using an integrated third-order filter in the RF waveguide.
The conventional coupling matrix was used to design the filter even
though the impedance presented to the RF port was complex and
frequency dependent. The mixer was measured to have: 1) single
sideband conversion loss of 9–10 dB across the upper sideband,
with a mixer noise temperature of 2000–2600 K; 2) a return loss
at the RF port better than 12 dB, with three filter reflection zeroes
(poles) distinguishable; and 3) a sideband rejection ratio from 13 to
25 dB, demonstrating the RF filter’s excellent performance in terms
of impedance matching and filtering.

Index Terms—Image rejection, planar Schottky diode, subhar-
monic mixer, waveguide filters.

I. INTRODUCTION

THERE is a need for Schottky diode based mixers, oper-
ating at submillimeter-wave frequencies for diverse ap-

plications. Examples include planetary and earth observations
[1]–[3], high-resolution THz imaging and radar [4]–[6], and
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Fig. 1. Illustration diagrams of two different configurations of mixers for
single-sideband operation. (a) Conventional DSB mixer with external waveguide
or FSS bandpass filter. (b) Mixer with integrated waveguide resonator based
bandpass filter.

multi-Gbps THz communication [7]–[9]. Heterodyne mixers
usually exhibit double-sideband (DSB) operation, i.e., signals
from lower sideband (LSB) and upper sideband (USB) are si-
multaneously converted to the intermediate frequency (IF) [9]–
[12]. However, in many cases (e.g., using closely spaced chan-
nels for THz communications, and some earth observations),
only one of the sidebands is of interest, and rejection of the
unwanted sideband is required. External filters can be used to
provide single sideband (SSB) detection. A typical configura-
tion is shown in Fig. 1(a), where the DSB mixer and an exter-
nal bandpass filter (BPF) are cascaded to provide SSB opera-
tion. Filters at submillimeter-wave frequencies are often quasi-
optical frequency selective surfaces (FSS) or waveguide cavity
filters due to their low-loss properties [13]–[15]. For example,
an FSS was produced for an airborne limb-sounding instru-
ment [13], where the measured insertion loss is 0.6 dB across
the LSB (316.5–325.5 GHz) while the rejection over the USB
(349.5–358.5 GHz) is greater than 30 dB. Waveguide filters are
also reported to have low loss performance [14]–[16]. Compared
with the quasi-optical filters, waveguide filters are much more
compact and they are usually preferred in THz communication
systems [7]–[9].
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For a conventional DSB mixer, the Schottky diodes are
impedance matched on the microstrip circuit, and a microstrip
to waveguide transition is used. Where sideband rejection is
needed, then the mixer component can be preceded by a wave-
guide or quasi-optical filter, as exhibited in Fig. 1(a).

A novel alternative approach, explored by us in this paper, is to
impedance match the diodes directly using the waveguide filter,
with the last resonator in the filter directly coupled to the input
of the diodes, as shown in Fig. 1(b). Moving the filter toward the
diodes eliminates one of the microstrip matching stages, short-
ens waveguides thereby reducing loss, and makes the structure
much more compact. It also eliminates potential mismatches
between the waveguide flanges and impedance mismatches
between the mixer and the external filter along line A-A’ in
Fig. 1(a).

The concept of filter matching has been used previously, and
filters with complex load impedance was discussed in [20]. It
was demonstrated, using low-frequency power amplifiers, that
filters can be used to perform filtering and complex impedance
matching by tuning the coupling between the resonators and by
changing the dimensions of the resonators to alter their centre
frequencies [21], [22].

In this paper, we describe the application of similar principles
for a Schottky diode based SSB mixer. Image rejection over
the 260–280 GHz LSB and impedance matching are achieved
simultaneously using a third-order waveguide cavity filter. The
layout of the device is shown in Fig. 2(a). Compared with the
conventional approach shown in Fig. 1(a), this integrated design
leads to a reduced circuit complexity, a smaller size, and a
reduced loss. To the best of the author’s knowledge, this is the
first time that filters have been used to impedance match any
device at a submillimeter-wave frequency in the open literature.

Filters are not the only solution to achieve sideband rejection.
For example, image rejection mixers or sideband separating
mixers do not require an RF filter [18], [19]. To achieve this,
two identical DSB mixers were combined using hybrid networks
[17] at the RF and IF ports: the LSB and USB channels can then
be separated. Rather than rejecting the unwanted sideband, this
technology down converts both into distinct IF channels. How-
ever, the system complexity was significantly increased (com-
ponent numbers were doubled and a power dividing network
was needed for the LO port) and the losses from the hybrid
networks cannot be neglected. The sideband rejection approach
proposed by us gives a comparable performance in terms of
sideband rejection ratio (SBR) and conversion losses, however,
it has much simpler design and offers easier fabrication.

II. DESIGN OF THE MIXER

The mixer uses a split-block waveguide design using stan-
dard WR-5 and WR-3 waveguides for the LO and RF ports. The
IF output is connected to an SMA connector via a microstrip
RF blocking filter. This is shown in the enlarged view of the
mixer in Fig. 2(b), with the whole mixer structure shown in
Fig. 2(a), with input and output filters comprising resonators
1–6. The antiparallel Schottky diode chip is soldered to a thin
film quartz substrate, and coupled to the third and sixth res-
onators via E-plane probes directly. The E-plane probes effec-

Fig. 2. Proposed image rejection mixer using integrated waveguide filters.
(a) 3-D model of the mixer. a = 0.864 mm, b = 0.432 mm. (b) Enlarged view
of the mixer, the Schottky diode chip used in this work is Teratech part #
AP1, which contains 2 antiparallel anodes, each of 9.5 × 10−12 m2 anode area.
The parameters are: series dc resistance Rs = 13 Ω, ideality factor n = 1.2,
saturation current Is = 1.5 fA and the nonlinear junction capacitance at zero
bias voltage Cj 0 = 1.44 fF.

tively become part of the resonators and allow coupling to the
microstrip circuit containing the diodes. Altering the geometry
of the probe varies the external coupling factor (Qe) [23] to the
microstrip, providing one of the inherent design parameters of
the filter. This allows the structures on the microstrip circuit be
effective, simple and compact.

To design the filters that directly impedance match the diode
chip, the following three step approach is applied:

1) The mixer together with matching filters, see Fig. 2(a),
is separated into three parts: 1) the diode chip and its
waveguide housing, 2) the LO and IF filter, and 3) the
RF filter, as shown in Fig. 3. A three-dimensional (3-D)
model of the Schottky diode chip must also be modeled
accurately by full-wave simulators; this is critical for the
mixer design [24].

2) The frequency dependent embedding impedances of the
diode chip [Teratech AP1/G2/0p95, see Fig. 2(b)], with its
waveguide housing at each operating frequency, namely,
ZRF, ZLO, and ZIF need to be extracted for the filter de-
sign. Circuit simulation software, such as ADS [25], is
used to model the nonlinear Schottky junction and to ap-
ply harmonic balance simulation to this structure. The
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Fig. 3. Mixer model is separated into three parts. Impedances extracted from
the diode chip can be used to design the filters.

TABLE I
PORT IMPEDANCES OF THE SINGLE ANODE AND THE DIODE CHIP

impedances can be extracted by optimizing the complex
port impedances at each harmonic. An open circuit is pre-
sented for nontuned harmonics. The driving power at the
LO port is also optimized. The goals are set to minimize
the mixer conversion loss and LO/RF return losses. The
extracted impedances for a single Schottky anode and the
diode chip are given in Table I, under the optimized LO
power of 2 mW. These complex impedances are frequency
and power dependent: this will be discussed in some
detail later.

3) The RF and LO filters are designed to match the complex
impedances obtained from Step 2 directly. The complex
impedance can be taken into account in the coupling ma-
trix by adjusting the coupling coefficients (i.e., for self-
coupling and external coupling) of the resonator that is
connected to the complex load [20]. This approach needs
prior knowledge of the complex impedance presented to
the affected resonator [20]. In our work, extracting the ex-
act value of the complex impedance presented to the cavity
resonator is not straightforward, due to the fact that two
different transmission lines (waveguide and microstrip)
were involved. Therefore, an alternative approach is uti-
lized here for the design of the filters, as discussed below.

A. LO and IF Filter Design

The filter has one waveguide port and two microstrip ports,
as shown in Fig. 4. Port 1 is physically connected to the diode

Fig. 4. Design of the LO and IF filter. Dimensions are (in millimeters):
L1 = 0.188, L2 = 0.172, L3 = 0.120, L4 = 0.080, L5 = 2.723, L6 =
2.206, L7 = 2.397, L8 = 0.239, L9 = 0.575, L10 = 1.849, L11 = 0.200,
L12 = 0.123, L13 = 0.563, L14 = 0.854, L15 = 0.338, W1 = 0.060,
W2 = 0.020, W3 = 0.400, W4 = 0.420, W5 = 0.488, W6 = 0.350.

chip, hence the complex and frequency dependent impedances
presented to it are ZLO and ZIF. The impedances of ports 2 and
3 are real. A third-order Chebyshev filter with a 15 dB passband
return loss and a bandwidth of 15 GHz centred at 142.5 GHz is
designed to match ZLO. It consists of three waveguide resonators
where the third resonator is coupled to the diode chip through an
E-plane probe. Here we consider the LO path only and regard it
as a two-port filter, since the IF filter blocks the signal from the
LO waveguide and behaves effectively like an open circuit.

The design procedure described in [23] is used to design
the filter. The resulting nonzero elements of the coupling ma-
trix (coupling coefficients (mij )) and external couplings (Qe)
are: m12 = m23 = 0.093, and Qe1 = Qe3 = 10.54. Note
that this is a matrix developed for real loads. The fact that
the impedance is complex can be considered during the full
wave simulations. As discussed in [20], the impact of the com-
plex load can be compensated by adjusting its adjacent resonator
[i.e., resonator 3 in this case, see Fig. 1(a)]. Resonator 3 together
with the probe is now treated as a single component, which oper-
ates effectively in the same way as a resonator terminated with
real loads. In other words, the conventional coupling matrix
can be used for the filter design. Additionally, considering the
impedance, ZLO, presented to the port varies with frequency; it
can be written into a file and assigned to the port in full wave
simulators, such as CST [26].

The filter is then optimized as a conventional filter, tuning
the initial dimensions obtained from the coupling matrix for
the LO path. For the IF path, the S11 below 25 GHz and S31
at 135–150 GHz are minimized by optimizing the dimensions
marked as L12 − L15 . The optimized dimensions are given in
Fig. 4, along with some physical dimensions of the diode chip.
The optimized filter performance is shown in Fig. 5. The simu-
lated S11 for the LO path is below −15 dB for 135–150 GHz,
the isolation between ports 1 and 3 is better than 12 dB. For the
IF path, the S11 is better than −10 dB for 0–25 GHz.

B. RF Filter Design

A third-order Chebyshev filter with a 15 dB passband return
loss and a bandwidth of 20 GHz centred at 300 GHz is similarly
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Fig. 5. S-parameter simulation results of the filter for (a) LO channel and
(b) IF channel.

Fig. 6. Design of the RF filter. Dimensions are (in millimeters): L1 = 1.160,
L2 = 1.135, L3 = 1.260, L4 = 0.200, L5 = 0.200, L6 = 0.320, L7 =
0.494, W1 = 0.150, W2 = 0.250, W3 = 0.254, W4 = 0.272.

designed to match ZRF. The resulting nonzero elements of the
coupling matrix and Qe values are: m12 = m23 = 0.059 and
Qe1 = Qe3 = 16.65. The resulting starting values for the filter
dimensions are optimized in CST using the frequency dependent
ZRF. Optimized filter dimensions are shown Fig. 6: the filter
performance will be presented in Section IV.

C. Mixer Design

S-parameter files of the filters and the diode chip are exported
from CST to ADS and reconstructed schematically. Harmonic
balance simulation is applied to the mixer circuit to predict
the performance. The simulated performance of the mixer can
be summarized as follows: LO return loss better than 15 dB
from 135–150 GHz, maximum RF return loss of around 15 dB
from 290–310 GHz, IF return loss better than 10 dB from
1–25 GHz, SSB conversion loss of around 8 dB and SBR at
the 260–280 GHz band from 13 to 20 dB under 2–2.5 mW LO
driving power. To avoid repetition, predicted performance data
is included in the measurement result graphs presented later.

III. FABRICATION, ASSEMBLY, AND Y-FACTOR

MEASUREMENT OF THE MIXER

The split-block waveguide parts of the mixer were CNC ma-
chined from brass and then gold electroplated. The substrate
for the microstrip circuit is 50 µm thick fused quartz with the
diode chip fixed to the microstrip by soldering. Fig. 7 shows a
photograph of the bottom half of the device.

The mixer performance in terms of conversion loss and noise
temperature was characterized using the Y-factor method [24].
The mixer LO was driven by a 135–150 GHz frequency mul-
tiplied source with a maximum output power of 3 mW, as cal-
ibrated by an Erickson PM4 waveguide power meter. A feed

Fig. 7. Photograph of the bottom half of the mixer, with the quartz circuit
containing the Schottky diode chip installed.

Fig. 8. Y-factor measurement setup.

horn antenna coupled the radiation alternatively from a room
temperature load (290 K) and a liquid nitrogen cooled black
body (77 K) into the RF port of the mixer. As the power radi-
ated by the black body load was low, the mixer’s IF output was
amplified by 40 dB using a 1–15 GHz low noise, two stages
amplifier chain. The output from this was monitored by a Ro-
hde & Schwarz ROH-FSU-05 spectrum analyser, as shown in
Fig. 8. The conversion loss and noise temperature of the mixer
can be computed from the measurements [24].

The designed 15 dB return loss bandwidth of the RF filter is
290–310 GHz. However, the available amplifier chain at hand
operates over 1–15 GHz, covering only part of the 20 GHz
working bandwidth of the mixer. To address this, three different
setups were used to cover the overall RF bandwidth. The cor-
responding LO frequencies, 2 × LO = 276 GHz, 2 × LO =
285 GHz, and 2 × LO = 297 GHz, and associated LSB and
USB, are shown in Fig. 9. The combination covered the RF
from 277 to 312 GHz. Due to the existence of the RF fil-
ter, although the Y-factor method itself measured the DSB
mixer performance, results from Fig. 9(a) and (b) actually
correspond to the behavior of a SSB mixer. This is demon-
strated in Fig. 10, where the measured performances of the
mixer at different LO power and frequencies are plotted. The
two conversion loss curves are for the mixer working at SSB
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Fig. 9. Measurement of the mixer using three LO frequencies. The −15 dB
return loss bandwidth of the RF filter is 290–310 GHz while the equivalent
−3 dB bandwidth of the same filter is 285–315 GHz: black dashed curve. (a) SSB
characterization with 2 × LO = 276 GHz. (b) Same with 2 × LO = 285 GHz.
(c) DSB operation with 2 × LO = 297 GHz.

Fig. 10. Measured conversion loss and noise temperature performance of the
mixer under different LO power levels for 2 × LO = 285 and 297 GHz. At a
single point RF = 300 GHz.

operation, with 2 × LO = 285 GHz; and for DSB operation,
with 2 × LO = 297 GHz (while the RF was fixed at 300 GHz).
A difference of ∼2.5 dB in conversion loss is found in Fig. 10,
in good agreement with the theoretical difference between SSB
and DSB of 3 dB [24]. From this we also know the optimum
LO input power was at 2.5–3 mW.

The measured RF, and hence IF, dependences of conversion
loss and noise temperatures for the three LO frequencies with
2.5 mW input LO power are shown in Fig. 11. Fig 11(b) shows
that for 2 × LO = 285 GHz, the obtained SSB conversion loss
ripples from 9–11 dB and the noise temperature is around
2000–2600 K. The conversion loss is typically 2 dB higher

Fig. 11. Simulated and measured mixer conversion losses and noise tempera-
tures. (a) 2 × LO = 276 GHz (SSB operation). (b) 2 × LO = 285 GHz (SSB
operation). (c) 2 × LO = 297 GHz (DSB operation).

than predicted. On the other hand, as shown in Figs. 9(c) and
11(c), under the condition of 2 × LO = 297 GHz, the mixer
was in DSB operation and the measured conversion loss is from
6–8 dB with 1000–1500 K noise temperature. Again, predicted
conversion loss is about 2 dB lower but there is a good agree-
ment between the curve trends. The 2 dB loss difference was
mainly due to the RF resistance of the diode being higher than
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Fig. 12. RF return loss and SBR measurement setup.

Fig. 13. Simulated and measured image rejection of the mixer. When the
measured return loss of the RF port is accounted for, as described in the text,
the predicted SBR shifts to the blue dotted curve.

Fig. 14. Simulated and measured RF return losses for two mixers. A frequency
redshift of approximately 3 GHz can be observed with respect to predictions.

the measured dc resistance at such frequency band [27]. Also,
the ripples in the measured curves in Fig. 11 may result in the
mismatches between the IF port and the cascading amplifiers.

From Fig. 11(a), with LO = 2 × 276 GHz, the SSB con-
version loss at 277–280 GHz is around 19–22 dB, which is
10–13 dB higher than the typical SSB conversion loss within
the 290–310 GHz band, as shown in Fig. 11(b). Also, it can be

Fig. 15. Tolerance analysis of the matching filter.

Fig. 16. Simulated and measured mixer IF return loss at two different input
power levels for mixer #1. The response of the other mixer is similar.

noticed from Fig. 11(c) that the conversion loss starts to increase
from 307 GHz, this is due to the existence of the RF filter and
the trends agrees well with simulations.

Due to the limitations from the IF amplifier bandwidth and
the LO source tuning range, the performance of the mixer for
RF below 277 GHz could not be characterized by the Y-factor
method. In the next section, we present results on the mixer SBR
and the RF return loss characterization using a VNA, over the
whole RF range.

IV. MEASUREMENT OF RETURN LOSS AND SBR

A Keysight VNA with the VDI frequency extender was used
to measure the RF return loss and the sideband ratio simulta-
neously. The VNA was connected to the RF port of the mixer:
the extender had a nominal −12 dBm output power from 260
to 320 GHz. The LO port of the mixer was driven by a source
with 2 × LO = 285 GHz. Since the power from the VNA was
much higher than the blackbody radiation so the down-converted
signal can be directly read by the spectrum analyser. This is
shown in Fig. 12. In this measurement, we were not inter-
ested in the absolute value of the conversion loss across the two
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TABLE II
COMPARISON OF SOME SCHOTTKY DIODE BASED SUBHARMONIC MIXERS WORKING AT 300 GHz BAND

sidebands, but the difference between the two. This is the reason
only a ratio measurement was performed as detailed above, this
allows us to eliminate the calibration of the IF channel, but the
output power from the VNA must be carefully calibrated. This
was done by measuring the output power of the VNA using an
Erickson PM4 waveguide power meter and changing the output
power of the VNA to get a constant reading over the frequency
band. Fig. 13 shows the simulated and measured SBRs for two
fabricated mixers, called mixer #1 and mixer #2. The measure-
ment results were obtained by subtracting the received IF power
with the RF input corresponding to USB and LSB, so the losses
from the IF channel were cancelled. The obtained sideband ratio
(image rejection) was in the range 13–25 dB. This agreed with
the results from Section III where the SBR at 277–280 GHz was
10–13 dB (mixer #1).

The RF return loss value can be directly obtained from the
VNA and the results are shown in Fig. 14. Excellent agreement
is obtained between the two devices. The simulated RF return
loss is around 15 dB from 290–310 GHz and the measured max-
imum return loss is around 12 dB in the band 287–308 GHz.
A frequency shift of about 3 GHz can be observed, approxi-
mately 1% of the centre frequency. The effect of this shift on
the predicted SBR is indicated in Fig. 13 by the blue dotted
line. The return loss measurement results demonstrate the filter
was working well in terms of filtering and impedance match-
ing. On the other hand, good image rejection was achieved by
using a third-order waveguide filter. The performance can be
further improved by increasing the order of the filter or adding
transmission zeros if necessary.

Also as we consider filtering, impedance matching and tran-
sition which are all realized in the resonators, hence their fabri-
cation tolerances have a direct influence on the performance of
the mixer. Fig. 15 shows several results obtained by changing
the filter dimensions for ±10 µm (about 1%–2% of the nominal
values [16]) of each dimensions. It is also observed in the sim-
ulation that the filter response is more sensitive to the position
of the E-plane probe rather than the dimensions of the resonator
cavities.

The impedance matching of the IF port was also characterized
using a Keysight VNA. A 1–25 GHz signal at two different
power levels; −20 dBm and −5 dBm, was applied to the IF

port. The simulated and measured results are shown in Fig. 16.
The measured responses agreed well with the simulation.

The results obtained in this work are compared to other mixers
working at the same frequency band in Table II. The mixer per-
formance in terms of image rejection is similar to that reported
by using much more complex two channel image rejection mix-
ers [18], [19]. The SSB conversion loss of this work is similar to
the work presented in [7], where the latter requires an additional
filter and this brings more loss.

V. CONCLUSION

A Schottky diode based 300 GHz SSB mixer with integrated
waveguide filters is presented. The design approach presented
in this paper differs from the conventional approach where the
diodes are coupled to the output waveguide, and followed by
an external filter. Instead, we provide a new approach where
the diode chip is directly coupled to the resonators of wave-
guide filters via E-plane probes and impedance matched us-
ing the RF/LO waveguide filters. This novel integrated design
leads to a reduced circuit complexity, smaller size, and lower
loss due to the reduced number of individual components and
joints/connections.

Simulations of the device predict a SSB conversion loss
of 8 dB, while the measured conversion loss at a 2–2.5 mW
LO power level was around 9–10 dB with 2000–2600 K
noise temperature. The use of the waveguide filter as the RF
matching network brings intrinsic image rejection to the mixer
with the measured image rejection from 13 to 25 dB for the
260–280 GHz band. Return loss of better than 12 dB was
recorded at the RF port and all the reflection zeros (poles) were
distinct. The measurement results showed the filters were work-
ing well in terms of impedance matching and filtering.
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