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ABSTRACT This study models and analyses the fabrication errors of an ultra-wideband (UWB) Schottky
diode power detector using miniature hybrid-microwave integrated-circuit (MHMIC) technology. The
fabricated balanced power detector is composed of two zero-bias GaAs Schottky diodes, a 90◦-hybrid
coupler, and two pairs of broadband butterfly open stub reflectors. The circuit is designed on a thin
film ceramic substrate having a thickness of 127 µm with a 1 µm gold conductive layer, and a 20 nm
Titanium Oxide (TiO2) resistive layer. The simulations use a computer model of the broadband coupler from
on-wafer measurements to obtain an authentic fabrication error analysis. Moreover, the trade-off between
the maximum efficiency and the fabrication error tolerance of the balanced power detectors is discussed. It is
shown that the performance of the balanced power detector is dependent on different fabrication errors. Based
on the measurement results, one of the fabricated detectors with minimum fabrication errors demonstrates a
return loss of better than 10 dB over the entire frequency band of 60 to 90 GHz.

INDEX TERMS Balanced power detector, error analysis, high data-rate, integrated circuit (IC), mm-Wave
communication systems, zero bias Schottky diode.

I. INTRODUCTION
By the soaring demand of high data-rate wireless commu-
nications, recent years witnessed substantial growth in the
design of ultra-wideband systems [1]. So far, millimeter wave
(mm-wave) frequencies have shown promising potential
for several applications. Multi-Gb/s wireless communica-
tions [2], meteorology radars, imaging systems [3], and
short-range remote sensing [4] are some examples that can
be enabled by mm-wave technologies. E-band frequencies
in mm-wave can carry higher data traffic mainly due to the
wider channels, making this frequency band a proper solution
for future communications needs [5]. However, designing
such systems requires a precise design and fabrication
procedure simultaneously [6]. Hence, having a solid grasp of
different possibilities of fabrication errors and their impacts
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on the circuit results is essential to estimate and then enhance
the yield of the system.

In general, the microwave power detector converts a
microwave signal into DC or low frequency signals and
is widely used in the power measurement [7], network
analyzers, communication and radar receivers [8], six-
port modules [9], [10], etc. The power detectors can be
implemented by various topologies, and technologies such as
Silicon-on-Insulator (SOI) [11], BiCMOS [12], GaAs [13],
etc. Balanced topology is a popular structure in designing
mm-wave circuits. In this topology, the signal divides at the
input, and combines at the output for different purposes, such
as bandwidth widening, linearity and matching improvement,
etc. From the other side, employing this topology leads to
higher power consumption, system complexity, and relatively
larger occupied area.

In this article, a balanced power detector is designed using
several commercial software such as Advanced Design Sys-
tem (ADS), of Keysight Technologies, Computer Simulation
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FIGURE 1. Schematic of the balanced power detector.

Technologies (CST) Microwave Studio, and ANSYS
High-Frequency Structure Simulator (HFSS). The proposed
circuit is fabricated in MHMIC technology. Balanced
power detector topology is utilized mainly to minimize
the return loss of the circuit over an extended mm-wave
band [14]. However, due to the use of two individual
non-linear components, the performance of the balanced
power detectors is highly dependent on the symmetry of
the topology. Therefore, any fabrication or design error that
disarranges the symmetry of the circuit can lead to lower
performances.

Fig. 1 shows a simplified schematic of the circuit. The
circuit consists of one 90◦-hybrid coupler, two zero-bias
diodes and two low pass filters acting as reflectors for
mm-waves. By considering a perfect design procedure the
purpose of this article is mainly to investigate the impact
of the fabrication errors on the performance of the balanced
power detectors. Moreover, the tolerance of this topology to
different fabrication errors is discussed in detail by assuming
different values for reflection coefficients of the diodes.
To the best of the author’s knowledge, this is the first
study that investigates the fabrication errors of the balanced
power detectors (balanced topology in general) in MHMIC
technology.

The rest of the paper is organized as follows: First,
the design principles of the balanced power detector are
briefly discussed in section II. Also, section III is specified
for the fabrication error modeling approach that is utilized
in this paper. Then in section IV, the fabrication details
of the proposed circuit are given. Section V describes
the different fabrication errors and their impact on the
circuit results analytically. The combination of different
fabrication error possibilities is also simulated to represent a
practical outcome. The measurement results of the proposed
balanced power detector are shown in section VI. Finally, the
conclusion of the paper is presented in section VII.

II. DESIGN PRINCIPLES
To analyze the functionality of the circuit the port numbers
are considered as shown in Fig. 1. Therefore, considering
non-identical diodes, a perfect termination at port 4, and a
conventional scattering matrix for the 90◦-hybrid coupler, the
reflected waves (bn) can be calculated as follows:

b1
b2
b3
b4

 =
1

√
2


0 j 1 0
j 0 0 1
1 0 0 j
0 1 j 0



a1

0D1
0D2
0

 (1)

where 0D1 and 0D2 represent the reflection coefficients
of the diodes, which are defined as (a2/b2) and (a3/b3)
respectively. As known, the incident normalized wave at port
n is denoted by an, while the reflected wave is represented
by bn. Therefore, the reflected wave at port 1 can be obtained
as below:

b1 =
a1
2

(0D2 − 0D1) (2)

As can be inferred from (2), by increasing the difference
of the diodes’ reflection coefficients the reflected wave of
the circuit (port 1) increases (i.e., the reflection coefficient of
the circuit 0in increases). In addition, the delivered mm-wave
power to the input of D1 (port 2) is given by:

P2 =
1
2

|b2|2 −
1
2

|a2|2 (3)

So:

P2 =
|a1|
4

2
(1 − |0D1|

2) (4)

Similarly, the delivered mm-wave power to port 4 can be
calculated as:

P4 =
1
4

|0D1 + j0D2|2 (5)

Since port 4 is terminated with Z0, the delivered power to this
port is considered dissipation. Mathematically, the dissipated
power at port 4 can be mitigated by alleviating the reflection
coefficients of the diodes employing a matching network.
On the other side, it can be proven that bandwidth of the
circuit can be limited in proportion of the magnitude of the
reflection coefficient of the diodes [14]. Using any shunt,
or series resistor in the DC path of the detector degrades the
efficiency of the circuit, as well.

By defining the input reflection coefficient of the circuit
from (2) as (0D2 -0D1)/2, the maximum efficiency of the
balanced power detector can be described as follows:

ηmax =
P2(AVL)

Pin(1 −

∣∣∣0D2−0D1
2

∣∣∣2) (6)

wherePin, andP2(AVL) represent the input power of the circuit,
and the available power at port 2, respectively. Obviously,
the efficiency of the detector can reach the maximum (i.e.
50%) by using two identical diodes with two perfect matching
networks. Although designing a matching network without
any resistor and showing a linear response over a wide
bandwidth is arduous. Besides, different fabrication errors
affect the reflection coefficients of each diode individually.
The effect of different fabrication errors on the performance
of the balanced power detectors are discussed in section V.

III. 90◦-HYBRID COUPLER
S-parameter measurements of MHMIC multi-port compo-
nents in mm-wave frequencies are challenging and costly
because for each two-port measurement a different circuit
must be used (required integrated loads at all other ports).
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However, keeping symmetry in the design of such circuits
can significantly reduce the number of two-port measure-
ments [15]. Therefore, due to the symmetry of the designed
coupler the following assumptions are valid:

S12 = S34 (7a)

S14 = S23 (7b)

S11 = S33 (7c)

S22 = S44 (7d)

To have a reliable fabrication error analysis, the gap
between the simulation and measurement results should
be minimized. Hence, the 90◦-hybrid coupler of the pro-
posed power detector is fabricated and measured separately.
Fig. 2 (a) shows one of the fabricated couplers for measure-
ment with one of the terminated ports by an integrated load
(Fig. 2 (b)).

To achieve a practical design ratio between the quarter
wavelength and width of the lines, the circuit is designed on
a high dielectric thin film ceramic substrate. The substrate
exhibits a dielectric constant of 9.9 with a thickness of
127 µm. On top of the substrate, a Titanium Oxide (TiO2)
layer with a thickness of 20 nm is used for integrating the
resistors. This layer shows a sheet resistance of 100�/sq. For
metallization, a 1 µm gold layer is employed, which is on top
of the resistive layer.

FIGURE 2. Microphotograph of (a) one of the fabricated ring-shaped
90◦-hybrid couplers, and (b) a terminated port with an integrated load.

As it is obvious, the designed coupler has a symmetry
shape. The on-wafer measurements of the fabricated couplers
utilized the E8362 PNA Network Analyzer with the Agilent
N5260A mm-wave head controller technology. In addition,
for WR-12 waveguide operation using this set-up, two
mm-wave extenders (from OML Inc.) are used. Two bent
WR-12 waveguides are connected to Cascade Microtech
Ground-Signal-Ground (GSG)waveguide probes with a pitch
of 150µm. Themeasurement results of the fabricated coupler
are shown in Fig. 3, and 4.

Based on the measurement results, the ring-shaped 90◦-
hybrid coupler exhibits a good performance over a wide
frequency band of 60 to 90 GHz. It can be clearly seen
in Fig. 3 (a), the return loss of the coupler is better than
10 dB for each port. Also, Fig. 3 (b) shows that the input
power is split between the two outputs (e.g., ideally should

FIGURE 3. Measured S-parameters of the wide-band 90◦-hybrid coupler:
(a) return loss, (b) S12, S13, and S14.

FIGURE 4. Phase measurement results of S12, S13, and the phase error
over the frequency band.

be equal to −3 dB). In addition, the S14 of the circuit is
plotted in Fig. 3 (b). Fig. 4 shows the phase measurement
results of the coupler between ports 1, and 2, as well as
ports 1 and 3. Ideally, the phase difference between these two
measurements should exhibit a consistent value of 90◦ across
the frequency band, which is depicted as 1 in Fig.4. Now,
using non-ideal measurement results of the designed coupler
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as a computer model will lead to an authentic fabrication error
analysis of the proposed circuit.

IV. BALANCED POWER DETECTOR FABRICATION
The proposed power detector is composed of two zero bias
GaAs Schottky diodes (HSCH 9161), a ring-shaped 90◦-
hybrid coupler as described before, and two broadband
reflectors. In order to achieve the maximum efficiency
throughout the entire frequency band of 30 GHz, the design
of a matching network is omitted. Yet, utilizing the wideband
coupler an acceptable matching for the circuit is expected.
The HSCH 9161 diode is designed for zero-bias detecting
applications up to the frequency of 110 GHz [16]. The
input of the detector is connected to a microstrip to WR-12
transition, which is introduced in [8]. Fig. 5 shows the photo
of the fabricated balanced power detector.

FIGURE 5. Microphotograph of the fabricated balanced power detector
on a ceramic substrate with a thickness of 127 µm.

V. ANALYSIS AND MODELING OF FABRICATION ERRORS
In the process of micro-fabrication for mm-wave circuits,
performance of the circuit can be drastically impacted by
errors that may arise from human manipulation and/or
equipment tolerances. Hence, it is essential to firstly,
predict the different possibilities of fabrication errors and
secondly, estimate their impact on the performance of the
circuit. However, in practice, the combination of different
fabrication errors made the estimation of the results difficult.
Generally, two types of errors can occur in the fabrica-
tion of the planar diode-based detectors. The errors that
contribute to the metallization process and to the diode
mounting.

In this design, the errors that contribute to the metallization
process can be evaluated in Fig. 3 (a). Since these results are
gathered from 2-port measurements of 2 couplers on one die.
The measured return losses of the coupler at all of the ports
are in an acceptable range throughout the frequency band.
Hence, it can be concluded that the metallization errors in this
design have a negligible impact on the performance of the
circuit. Although the high inherent reflection coefficient of
the diodes makes the analysis of the diode mounting process
crucial.

A. DIODES ADJUSTMENT
One of the common errors that might occur in mounting
or soldering diodes of a balanced power detector is the
positioning of the diodes compared to each other. Generally,
if non-linear components in a balanced topology do not
excite with a same wave (e.g., with distinct phases), even by
assuming a perfect matching for those components, reflection
is expected. Thereby, as can be revealed from (6), the
maximum efficiency of the circuit will be diminished. This
error can be seen in the microphotograph of one of the
fabricated circuits in Fig. 6.

FIGURE 6. Microphotograph of the relative position of the diodes of the
balanced power detector.

To assess the impact of the error on the reflection
coefficient of the circuit reflection coefficient of each arm can
be determined as below:

01 = 0D1.e−j2βl (8a)

02 = 0D2.e−j2β(l+1l) (8b)

While 01, and 02 are assumed as the reflection coefficients
of the arms of diode 1 and 2, respectively. In this equation,
β represents the propagation coefficient of the substrate, l
is the length of the transmission line, and 1l is the error of
the relative position between the diodes. Fig. 7 depicts the
schematic of the proposed circuit.

FIGURE 7. Schematic of the proposed balanced power detector.

Now, by assuming two identical diodes (e.g., 0D1 = 0D2),
and substituting the obtained 01, and 02 in (2), the reflection
coefficient of the circuit can be given as follows:

0in =
1
2

{(
0D × e−j2β(l+1l)

)
−

(
0D × e−j2βl

)}
(9)
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By considering a length of λ for the diodes’ arms equation (9)
can be rewritten as below:

0in =
0D

2
{cos(2β1l) + jsin(2β1l) − 1} (10)

FIGURE 8. Calculated and simulated results of the input reflection
coefficient of the balanced power detector (0in) for 0◦ < φ < 180◦ (0D =

0.75) (at frequency of 75 GHz).

This error (1l) causes an electric phase difference of φ.
To visualize the calculations, Fig. 8 plotted the calculated
reflection coefficient of the circuit versus different values of
the φ in a polar plane. As it can be revealed from Fig.8, and
equation (10) the center of the plotted circle is located at
coordinates −0D/2, which is obtained by the SPICE model
of the diode. To evaluate the validity of the calculations
the circuit is simulated in ADS using the measurement of the
fabricated coupler from section III. Fig. 8 also shows the
simulation results of the circuit at the frequency of 75 GHz
for different values of the φ (0◦ to 180◦, corresponding to
up to half of the guided wavelength) for a usual magnitude
of 0D.

As can be seen in Fig. 8, the simulation results of the circuit
are similar to the calculations; minimum φ corresponds to
the best reflection coefficient. It is noteworthy that some
discrepancies between the calculations and simulation results
are mainly due to the inaccuracy of the SPICE model
of the diode, and simulation approach, which is based
on the real measurement results having a certain insertion
loss.

B. CONDUCTIVE ADHESIVE
As operating frequency increases, the size of the discrete
components decreases (i.e., the wavelength decrease). Hence,
assembling and/or soldering tiny components could become
very challenging. The proposed balanced power detector
needs 2 beam-lead diodes to be mounted on the ceramic
substrate. To this aim, EPO-TEK H20E is utilized as the
conductive adhesive, which is a two-component, 100% solids

silver-filled epoxy system for chip bonding in microelectron-
ics and optoelectronics applications [17]. The volume of this
conductive adhesive, after a thermal step of 100◦C/1 hour, can
play a critical role in the results.

On one hand, the extra amount of adhesive increases the
width of the transmission lines, which can lead to more
reflection, then may result in mismatching in the circuit.
On the other hand, using less than the desired amount of
adhesive can made cavities between the diodes’ beams and
the transmission lines. Therefore, some parasitic capacitors
may be produced intrinsically that can degrade the maximum
efficiency of the circuit as well.

For modeling the impact of the adhesive, a cylindrical
shape is considered for the conductive adhesive between the
diodes’ beams and the substrate. The height of the cylinder
depends on the pressure that exerts on top of the diodes. The
value of the exerted force on the diode is mainly due to the
weight of the diode itself. So, as the weights of the diodes
are almost equal, the heights of the cylinder can be assumed
equal as well.

FIGURE 9. (a) Microphotograph of the diode, (b) current distribution of
the adhesive cylinder, and (c) 3D model of the diode in CST.

Based on the microscopic observations of fabricated
circuits, the height of the adhesive cylinders is estimated
to be 10 % higher than the thickness of the transmission
lines. The different possibilities of errors in this procedure
are analyzed and simulated by ADS and CST. Fig. 9 (a)
shows the microphotograph of a mounted diode, (b) the
current distribution in the adhesive cylinder, and (c) the 3D
model of the diode in CST. Fig. 10 shows the simulated S11
of each arm versus the different diameters of the adhesive
cylinders.

Based on the simulation results, each arm exhibits the
minimum reflection with the adhesive cylinders having
100 µm diameter approximately.
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FIGURE 10. Simulated S11 of a diode’s arm versus different diameters of
the conductive adhesive.

C. DIODES ANGULAR ALIGNMENT
If one or both diodes are not perfectly aligned with the
transmission lines, the reflection coefficients of the diodes
are not equal anymore. Which, based on (2) and (5), leads
to a higher reflection coefficient of the circuit and lower
maximum efficiency. Basically, this error can change the
width of the transmission lines to a higher value of the
calculated width considering the desired Z0. Fig. 11 shows
the microphotograph of a mounted diode which has an angle
of θ◦ with the transmission line axis.

FIGURE 11. (a) 3D model of the aligned diode on the transmission line
(b), a misaligned diode with an angle of 15◦, (c) 30◦, and a
microphotograph of a misaligned diode with an angle of θ◦.

The alignment error is simulated in HFSS by using the
measurement results of the fabricated couplers, as well.
Fig. 12 depicts the return loss of each arm versus the angle
between the diodes’ beams and the transmission line. In this
simulation, each of the arms is composed of an HSCH-9161
diode and butterfly reflectors.

FIGURE 12. Simulated S11 of a diode’s arm versus different angles of the
diode and the transmission line.

As can be seen, the reflection of each arm increases by
increasing the angle between the diodes’ beams and the axis
of the transmission line.

D. COMBINATION OF ERRORS
As mentioned earlier, in practice, a combination of different
errors affects the performance of the proposed balanced
power detector. However, all the fabrication errors mainly can
increase the difference of the reflection coefficients of diodes’
arms. On the other hand, the excitation phase difference
between the diodes, due to the relative position of the diodes,
can deteriorate the performance of the circuit. Therefore,
by considering all the errors in the fabrication process of
the balanced power detector, the reflection coefficient of the
circuit can be given as follows:

0in =
1
2

{01cos(2β1l) − 02 + j01sin(2β1l)} (11)

Fig. 13 depicts the reflection coefficient of the proposed
circuit versus the differences between the excitation phase of
the diodes (φ), and the magnitude of the reflection coefficient
of one arm (01) that is swept between −1 and +1 on the real
axis.

Based on the simulation results of the diodes and the
reflectors, the magnitude of the reflection coefficient of the
other arm (02) is considered +0.75.
As shown, when the relative position of the diodes (φ)

is minimum and under the condition of 01 = 02 the
circuit exhibits the best reflection coefficient. In other words,
the best performance of the circuit is expected when the
fabrication errors are minimized.

The reflection coefficient of each arm can be alleviated
by designing a good input matching circuit for the diode
over the entire band. However depending on the inherent
reflection coefficient of the diode itself, designing a matching
network with a flat response over a wide frequency band
of 30 GHz without using any resistor is not possible.
Although practically, the overall efficiency of the power
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FIGURE 13. The simulated reflection coefficient of the circuit (0in).
(a) Contour, (b) 3D diagram, and (c) top view of the 3D diagram.

detector diminishes by using any shunt or series resistor in
the DC path of the circuit. So, there is a trade-off between
having a goodmatching for each arm and the efficiency of the
circuit throughout a wide frequency band using the balanced
topology.

Fig. 14 plots the reflection coefficient of the circuit by
simulating different values for the magnitude of the reflection
coefficients of the diodes. To check the impact of the input

FIGURE 14. The simulated reflection coefficient of the circuit (0in) by
assuming values of (a) 0.2, (b) 0.5, and (c) 0.8 for magnitude of 02 versus
magnitude of 01, and φ.

matching network of the diodes, in each of the simulations,
the reflection coefficient of one arm (02) is considered
constant with a real value of 0.2, 0.5, and 0.8 respectively.
While the reflection coefficient of the other arm (01) is swept
between −1 to +1 and the value of the φ is between 0 to π

radian.
It is obvious from Fig. 14 that the fabrication errors

significantly demonstrate a fewer impact on the reflection
coefficient of the circuit in case of having a better matching
for the diodes. Besides, the matching network of the diodes
should exhibit amaximally flat response throughout the entire
frequency band to obtain a steady response of the circuit.
Also, these networks should be designed without any shunt
or series resistors in the DC path of the detector in order to
gain a better efficiency.

VI. MEASUREMENT RESULTS
The fabricated power detector, which is situated in a metallic
base, utilizes an optimized microstrip toWR-12 transition [8]
for the input signal of 60 - 90 GHz. Also the DC path
shown in Fig. 5, is connected to a SMA connector. In this
measurement, the E8362 PNA Network Analyzer with the
Agilent N5260A mm-wave head controller technology is
used. The power of the input RF signal is approximately
0 dBm over the frequency band, which is provided by a
mm-wave source module type of S12MS (by OML Inc.).
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FIGURE 15. (a) The measurement setup and, (b) the proposed power
detector situated in a metallic base.

In addition, the DC output voltage of the proposed circuit is
measured with the Agilent 34401A digital multimeter. Fig. 15
shows the measurement setup, and the fabricated circuit in
the metallic base. The measurement results are illustrated in
Fig. 16, as well.

Due to the high inherent reflection coefficient of the
utilized diodes (i.e., |0.71| ej96.5 at 75 GHz) designing a
matching network for each arm over the frequency band
of 30 GHz is not possible [14]. Also, to alleviate the detector
efficiency over the wide operating frequency band, the circuit
is designed without any resistive matching network, despite
their potential to improve the matching. In this circumstance,
the performance of the circuit is highly sensitive to any
fabrication error. Based on themeasurement results of one the
tested circuits with minimum fabrication error, the balanced
detector exhibits S11 of lower than −10 dB through the wide
frequency band of 60 to 90 GHz. The matching results of the
circuit is mainly attributed to the utilization of a wide-band
matched 90◦-hybrid coupler. Considering an acceptable
return loss of 10 dB, the maximum tolerable difference
between the reflection coefficients of the diodes’ arms should
be approximately equal to 0.2, in this design. Practically,
based on equation (10), the maximum misalignment between
the position of the diodes can be calculated as 40 µm. Plus,
the diameter of the conductive adhesive can’t exceed the
approximate value of 350 µm (Fig. 10). In addition, as can be
revealed from Fig. 12, the maximum angular misalignment
between the diodes and the transmission line is 30◦.
The high inherent reflection coefficient of the diode causes

power dissipation at port 4 of the coupler. Hence, even
though the efficiency of the balanced power detector is at
the maximum (i.e., without fabrication error), the output DC
voltage is depended on the reflection coefficient of each
diode’s arm. Fig 16 (b) shows the DC output voltage over
the 30 GHz band. Maximum efficiency is obtained at the
lower end, over the V-band, where the utilized Schottky diode

FIGURE 16. Measurement results of the proposed balanced power
detector. (a) measured S11, and (b) DC output voltage versus frequency.

operates better. The DC output voltage can be improved by
using a matching network (without any resistive components
at the DC path) considering a narrower operating frequency
band.

VII. CONCLUSION
In this article, a balanced power detector is designed, and
fabricated over the frequency band of 60 to 90 GHz.
The proposed power detector is designed on the ceramic
substrate with a thickness of 127 µm in MHMIC technology.
To gain a better understanding of the differences between
the simulation and measurement results, different error
possibilities that can occur during the fabrication process are
analyzed and simulated in ADS, HFSS and CST. To increase
the validity of the results of this study, the article used
on-wafer measurement results of the fabricated coupler. Also,
this article has investigated the dependency of the maximum
efficiency and the fabrication errors tolerance of the balanced
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power detectors. It is shown that considering an acceptable
return loss of 10 dB (i.e., |0in| = 0.31) for the circuit, and
using the HSCH 9161 zero bias diode on a 127-µm ceramic
substrate, the maximum tolerable misalignment between the
diodes in the fabrication process is 40 µm. The diodes’
reflection coefficients should be kept equal by using the
same amount of conductive adhesive for mounting them
alongside the transmission lines. Also, the tolerable angular
misalignment between the diodes and the transmission lines
is 30◦, approximately. The results of this paper can be used
to design mm-wave balanced power detector or any other
mm-wave circuit that uses similar topology with non-linear
components (e.g., transistor, varactor, etc). In addition, these
results can give better sight to the designers to predict the
impact of the fabrication errors on the performance of the
balanced power detectors or any other circuit with balanced
topology in planar structures.
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