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Abstract The behaviour of grounded coplanar waveguide (GCPW) struc-
tures in the upper millimeter-wave range is analyzed by using full-wave elec-
tromagnetic (EM) simulations. A methodological approach to develop reliable
and time-efficient simulations is proposed by investigating the impact of dif-
ferent simplifications in the EM modelling and simulation conditions. After
experimental validation with measurements on test structures, this approach
has been used to model the most critical passive structures involved in the
layout of a state-of-the-art 200 GHz power amplifier based on metamorphic
high electron mobility transistors (mHEMTs). This millimeter-wave mono-
lithic integrated circuit (MMIC) has demonstrated a measured output power
of 8.7 dBm for an input power of 0 dBm at 200 GHz. The measured out-
put power density and power added efficiency (PAE) are 46.3 mW/mm and
4.5%, respectively. The peak measured small-signal gain is 12.7 dB (obtained
at 196 GHz). A good agreement has been obtained between measurements and
simulation results.
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1 Introduction

The atmospheric window located around 200 GHz has been identified as an
important frequency range for applications like millimeter-wave imaging [1]
or high-speed data communication. These applications raise the demand for
power amplifiers, since the operating range of these systems is a direct func-
tion of the transmitted power. A millimeter-wave monolithic integrated circuit
(MMIC) solution offers tremendous advantages in terms of compactness, re-
peatable performance and low-cost fabrication in large quantities [2].

Successful and efficient design of MMICs in the upper millimeter and
submillimeter-wave ranges requires reliable models of all active and passive
components. This is especially critical in the particular case of high electron
mobility (HEMT)-based power amplifiers. Due to the low breakdown voltage
provided by the available (GaAs metamorphic HEMT (mHEMT) [3] and InP
HEMT [4]) technologies and the high losses of the passive networks, achieving
low-loss on-chip power combining and matching is one of the main challenges.
Therefore, a reliable simulation of all components becomes completely neces-
sary to avoid additional losses.

3D full-wave simulation is widely considered as a very powerful tool for
modelling of passive structures in millimeter-wave applications. However, this
type of simulations implies considerable computational cost, often prohibited
for design purposes. Additionally, the complexity of some physical structures
(for example, multilayer dielectric and metallization stacks composed of ul-
tra thin layers) make 3D modelling a cumbersome task. Commercial software
packages are claimed to handle a wide range of problems. However, the spe-
cific properties of the problem to be solved determine which of the existing
techniques is most advantageous and under which simulation conditions.

Previous work about electromagnetic (EM) simulation to predict the per-
formance of some grounded coplanar-waveguide (GCPW) structures beyond
100 GHz can be found in [5], [6] and [7]. The novelty of the current work in
comparison to previous contributions lies in that it presents an overall descrip-
tion of the main methodological aspects involved to achieve, not only accurate
simulation of these structures, but also low computation time. The impact of
different simplifications in the EM modelling and simulation conditions is an-
alyzed. This investigation includes validation with experimental results from
different test structures.

Furthermore, a state-of-the-art medium power amplifier is demonstrated.
At an operating frequency of 200 GHz, this MMIC achieves a measured output
power of 8.7 dBm for an input power of 0 dBm. The output power density and
the power added efficiency (PAE) are 46.3 mW/mm and 4.5%, respectively.
Following the proposed methodology, EM simulations for specific passive parts
involved in the final amplifier layout have been carried out. The results of these
EM simulations have been used in the overall simulation of the amplifier, ob-
taining a good agreement up to 260 GHz. Simulations of the complete amplifier
were performed with Advanced Design System (ADS), by using S-parameter
and Harmonic Balance analysis.
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The paper is organized as follows. In Section 2, a brief description of the
technology is provided. Section 3 explains the proposed methodology to per-
form efficient EM simulations of GCPW structures and also the experimental
validation with test structures is presented. Power amplifier design and exper-
imental evaluation are described in Section 4. Finally, some conclusions are
drawn in Section 5.

2 Technology

The present work is based on the Fraunhofer IAF mHEMT technology. Tran-
sistors are grown via molecular beam epitaxy (MBE) on 4-inch GaAs wafers.
Their channel is based on an In0.52Al0.48As/In0.80Ga0.20As/In0.53Ga0.47As
heterostructure on a metamorphic buffer with a linear InxAl0.48Ga0.52-xAs
(x = 0 → 0.52) transition in composition. The 35-nm T-gates are defined by
electron beam lithography and a Pt-Ti-Pt-Au layer sequence is used for the
gate metallization.

The transistors are encapsulated in a low-k benzocyclobutene (BCB) layer
(εr = 2.65) to minimize the parasitic gate capacitance, and passivated with
250-nm-thick silicon nitride (SiN) for high reliability and robustness. This SiN
layer also acts as the dielectric layer of the on-wafer metal-insulator-metal
(MIM) capacitors and is grown by chemical vapor deposition (CVD).

In addition to the active devices and the MIM capacitors, NiCr thin-film
resistors and two interconnection layers, that can be stacked to a 3 µm thick
metal sheet, are available. The lower metal layer is electron beam evaporated
and has a thickness of 0.3 µm, whereas the plated upper layer has a thickness of
2.7 µm and is available in airbridge technology. The transmission lines used in
this work are realized using both metal layers and utilize a GCPW environment
with 50 µm ground-to-ground (GG) spacing. After front-side processing, a full
back-side process follows. This includes wafer thinning to a 50 µm thickness,
through-substrate via-holes and backside metallization. The precision of the
process allows via-holes below MIM capacitors without damaging the first
metallization layer.

3 EM simulation of GCPW structures in the upper
millimeter-wave range

The methodology for the EM modelling is based on full-wave analysis. This
is carried out with CST Microwave Studio frequency-domain solver, based on
the Finite Element Method (FEM).

The aim is to use a description of the structure as simplified as possible to
perform a computationally efficient numerical analysis with a short modelling
time, while being accurate enough for design purposes. Note that the final
goal is circuit design. The considered GCPW structures are based on the layer
structure shown in Fig. 1 (left). Some possible simplifications that will be
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Fig. 1 Cross section of GCPW transmission line: real layer structure (left) and simplified
model (right).

explored with the aim of achieving more efficient simulations are shown in
Fig. 1 (right).

A simplified dielectric model is used which substitutes the two layers (GaAs
and BCB) by an effective single layer. Its thickness is obtained by summing
the thicknesses of the two individual dielectric layers. Unique values for the
dielectric constant and the loss parameter tanδsingle must be determined for
single-layer reduction. The thin BCB layer causes a change in the effective
dielectric constant, so an homogeneous substrate model that replaces the com-
bination of BCB and GaAs layers must be simulated with a lower value of the
dielectric constant in comparison to the value of GaAs (εr = 12.9). The values
of the dielectric constant and tanδsingle for this effective single dielectric layer
have been obtained by fitting the EM model of a transmission line to measure-
ments. As it is shown later, this model has been further validated with another
different test structure. The values (εr,single = 10.5, tanδsingle = 0.006) are
defined at 200 GHz and a Debye first-order model [10] is used to simulate the
frequency dispersion. According to this model, the permittivity function is of
the form

ε(ω) = ε(∞) +
εs − ε(∞)

1 + jωτ
,

where εs and ε(∞) are the static and high-frequency permittivities of the
medium, ω is the angular frequency and τ is the relaxation time.

Also a metal single-layer reduction could be applied instead of using the
double-metal stack. The effective conductivity of the single metal layer can be
estimated by σeff = (σMET1 ∗ tMET1 +σMETG ∗ tMETG)/t, where σMET1 and
σMETG are the individual conductivities of the two metallization layers, tMET1

and tMETG are the thicknesses of these metallizations and t = tMET1+tMETG

is the total thickness.

Due to the skin effect, at millimeter-wave frequencies current flows in an
extremely thin region near the surface of the conductors. In order to save
computational effort, surface-based meshing (sheet conductor) is an interesting
alternative to explore instead of volume-based meshing (that is, solving inside
the metal).
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A straight GCPW transmission line is considered. This structure has a
50 µm GG spacing and its length is 1500 µm. On-wafer S-parameter mea-
surements were performed on this structure using an Agilent PNA-X network
analyzer, two VDI 4.3 frequency extension modules and two Cascade i260 mi-
crowave probes. For a 2-port TRL calibration, a Cascade 138-356 calibration
substrate was chosen. This calibration establishes the reference planes at the
probe tips. The measurement curve in Fig. 2 shows some small resonances.
In the upper millimeter-wave range, it is common that S-parameter measure-
ments are affected by some artifacts, related to spurious wave modes that
excite and propagate. These artifacts could even be present in the calibration
measurement. However, in this case they seem to arise only in the measure-
ment of specific test structures, so they are not considered to be an influence
of the calibration.

Different EM simulations have been performed and compared with the
measurements of the transmission line. In all the cases, CST de-embedding
tool has been used to move the reference planes from the line structure edges
(where the ports are placed) to the probe tip positions.

First, the impact of some simulation conditions has been analyzed. The
transmission line has been simulated by using surface and volume meshing for
the single effective conductor layer. Concerning the frequency-domain solver,
also two options have been explored: simulation of discrete frequency points
or interpolating S-parameter sweep to minimize the number of simulations.

Fig. 2 shows the comparison between measured and simulated results in
the four considered cases. Simulations are based on a simplified EM model
(named model 1), based on single-layer dielectric, single-layer metallization, a
passivation layer, a perfect electrical conductor (PEC) boundary to simulate
the bottom ground plane, and ideal via-hole elements based also on PEC.

The computation performance is presented in Table 1. The results have
been obtained on a CPU based on 2 processors (Intel Xeon E5-2630 v3 at
2.4 GHz) and 128 GB of RAM. As it can be observed, volume meshing is com-
putationally much more intensive and achieves a comparable accuracy. Note
that, in the case of simulating discrete frequency points, the solver time is
given in seconds per frequency sample. However, in the case of interpolating
S-parameter sweep, increasing the number of points does not significantly in-
crease the time required for a simulation and it is even possible to recalculate
the broadband S-parameter curves with a higher number of frequency samples
as a postprocessing step. Since this methodology is focused on efficient design,
interpolating frequency sweep and surface meshing for the conductors will be
used from now on. The type of meshing is a combination of tetrahedral vol-
ume meshing for the dielectric layers and triangular surface meshing for the
conductor layers. The mesh density is established to be at least 10 cells per
wavelength of maximum frequency.

Next, the impact of different simplifications in the EM model on simulation
accuracy and computation time has been evaluated. The resuls are shown in
Fig. 3 and Table 2. This table also includes a summarized description of the
different EM models. The comparison between a single-layer and a double-
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Fig. 2 Comparison between EM simulation (model 1) and measurements for a 1500 µm
transmission line.

Table 1 Comparison of computation performance by using different simulation conditions,
by using EM model 1.

Meshing type Solver Solver time
Volume Discrete points 2357 s/frequency point
Volume Interpolating sweep 4722 s
Surface Discrete points 177 s/frequency point
Surface Interpolating sweep 498 s

layer model to simulate the metal stack shows that the difference in accuracy
is small, whereas there is an important reduction in computation time. The
simulation of the passivation layer is also proven to have little impact on ac-
curacy. This SiN layer (with a relative permittivity εr = 6.5) slightly increases
the effective dielectric constant in contrast to the simulations where the layer
is not included (i.e. substituted by air εr = 1). This explains a small phase ad-
vance observed in Fig. 3 between model 3 and model 1, whose only difference
in the presence or absence of this passivation layer.

In models 1 and 3-4, the bottom surface of the substrate is defined as
a PEC boundary and the via-holes are considered very simple PEC bricks.
The impact of these simplifications on simulation accuracy and computation
time is shown by comparison between models 2 and 3. The use on a nonzero-
thickness bottom metallization and a more realistic via-hole model defined as
intersection of shapes with finite conductivity produces a negligible difference
in accuracy in the operating frequency range. Note that this range is far away
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Table 2 Description of the different EM models and impact on computation time.

Model Dielectric Metal SiN Bottom ground Via Solver time
1 Single Single Yes PEC PEC 498 s
2 Single Single No Non ideal Non ideal 955 s
3 Single Single No PEC PEC 215 s
4 Single Double Yes PEC PEC 3992 s

from parasitic resonances, thanks to the use of a sufficient number of via-holes.
Considering computation-time, the simulation with the simpler model (model
3) is more efficient (more than a factor of 3) and therefore can be used for fast
circuit design if via-holes are located at a distance that ensures an operating
bandwidth far away from unwanted resonances. In [8] the authors recommend
to use a via-to-via pitch lower than quarter wavelength at the highest frequency
to remove resonances in the GCPW. In this structure, via-to-via distance is
λ/6 at the highest frequency of operation.
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Fig. 3 Comparison between measurements of a 1500 µm transmission line and EM simu-
lation under different 3D modelling approaches.

In order to make a more general experimental validation of the proposed
methodology, another measured test structure, in this case including disconti-
nuities, was considered. Fig. 4 shows the EM model of this structure and the
comparison between measurements and EM simulation. An excellent agree-
ment has been obtained, validating the simulation methodology based on
model 3.



8 Yolanda Campos-Roca et al.

150 160 170 180 190 200 210 220
−30

−25

−20

−15

−10

−5

0

Frequency (GHz)

S
2

1
 (

d
B

)

 

 

Measurement

EM simulation

150 160 170 180 190 200 210 220
−300

−200

−100

0

100

200

300

Frequency (GHz)

S
2
1
(d

e
g
re

e
)

Fig. 4 Comparison between EM simulation (model 3) and measurements for a test struc-
ture.

4 A 200 GHz mHEMT power amplifier MMIC

A four stage MMIC amplifier was designed and fabricated using the mHEMT
technology described in Section 2. The overall circuit topology and the chip
photograph of the MMIC are shown in Figs. 5 and 6, respectively. The die
size is 3×1 mm2.

Fig. 5 Schematic circuit diagram of the 200 GHz power amplifier.
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Fig. 6 Chip photograph of the MMIC power amplifier.

This amplifier is based on transistors in common-source configuration. The
gate width of these active devices is 2×15 µm for the first stage, and 4×10 µm
for the other three stages.

In order to minimize losses in the passive networks, this MMIC is based on a
50 µm GG environment. A smaller GG distance provides higher compactness,
but the lines are more lossy. For a 50 µm GG spacing and using a stack of both
metallizations, the losses are 0.9 dB/mm at 200 GHz, whereas transmission
lines with a 14 µm GG spacing show 3.1 dB/mm, if they are based only on
the first metallization level, or 2.4 dB/mm, if both metallizations are stacked
to form the center conductor strip. The three previous values correspond to
measured results on real test structures. To make a complete comparison, a
transmission line with 50 µm GG spacing has been simulated using only the
first metallization. The predicted losses in this case are 1.1 dB/mm.

Stability is one of the key issues in the design of power amplifiers. This
MMIC has been stabilized by using open-ended stubs loaded with NiCr resis-
tors. These resistive components for stabilization (R1,R2,R3) are pointed out
in the circuit schematic diagram (see Fig. 5). Also resistors (Rodd) are inserted
between parallel branches to prevent odd-mode oscillations. Finally, shunt RC
networks were added at the end of the gate and drain bias stubs to suppress
the excessive gain at low frequencies.

Full-wave EM simulations have been executed to predict the performance of
several passive elements, which were considered especially critical by different
criteria. Most of them included modifications of the standard layout cells from
the available Fraunhofer IAF library. For example, some of the T-junction
combining structures required flattened layout cells to achieve compactness or
presented some asymmetries due to the proximity of isolation resistors. Open
terminations were also selected due to their impact on stability. Thus the final
simulation of the power amplifier combines analytical models (for the most
simple passive structures and for the active devices) and 3D EM models of
these critical parts (represented in Fig. 7). The results of the EM simulations
were exported in Touchstone format and imported in the form of S-parameter
blocks into ADS simulator.

Figs. 8 and 9 show the comparison between measured and simulated per-
formance of the amplifier MMIC. Both small-signal and power measurements
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Fig. 7 Simulated 3D models of GCPW structures present in the amplifier layout.

were made directly on-wafer. The former measurements were performed using
an Agilent PNA-X network analyzer with two VDI 4.3 frequency extension
modules, achieving a peak small-signal gain of 12.7 dB (at 196 GHz).

Output power was measured by using a G-band Elva power meter. Fig. 10
shows the schematic diagram. In order to generate enough input power to drive
the amplifier at least close to saturation, a commercial diode-based frequency-
doubler module (from Virginia diodes) is employed, who is driven by an in-
house W-band power amplifier. The input signal for this amplifier is generated
by a commercial source module. This measurement set-up can generate up to
0 dBm of output power at the chip input reference plane. For all stages, the
bias voltages were set to: VG = 0.04V , VD = 1.0V . In Fig. 9, all power levels
are normalized to the probe tip reference plane. The amplifier exhibits a gain
expansion before compression. This expansion is a nonlinear phenomenon that
can be observed in some amplifiers and is often related to distortion minima
[11]. The 1 dB compresssion point of the PA is 7.3 dBm (output power). This
P1dB value is determined by assuming that the nominal gain is the maximum
gain, which occurs at an input power of - 10 dBm. For a 0 dBm input signal, the
MMIC demonstrates a measured output power of 8.7 dBm. Since the amplifier
has an output periphery of 4×4×10 µm, this corresponds to an output power
density of 46.3 mW/mm. A maximum PAE of 4.5 % has been measured.
The experimental performance compares well with the literature referred to
mHEMT power amplifiers (see Table I in [9]). Also a good agreement has been
obtained between simulation and measurements.
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Fig. 8 Large-signal measured and simulated performance of the power amplifier MMIC.

5 Conclusion

3D full-wave EM models of GCPW structures may be time-consuming to eval-
uate when taking into account every detail. This investigation has proven that
some simplifications in the EM modelling can be applied that allow for an
important reduction in computation time while keeping a high accuracy. This
is especially important for design applications, which very often involve opti-
mizations. A state-of-the-art 200 GHz power amplifier MMIC is experimentally
demonstrated. For an input power of 0 dBm, the MMIC achieves an output
power of 8.7 dBm (output power density of 46.3 mW/mm) and a PAE of
4.5%. Following the proposed methodology, EM models for the most critical
discontinuities in the amplifier layout have been generated and used together
with analytical models for the remaining structures. The global simulation of
the amplifier achieves a good agreement with the experimental results.

In the future, these results could be extended by considering tempera-
ture dependence of material parameters in the EM simulations as well as
temperature-dependent measurements. Another interesting investigation would
be to consider frequency dependence of conductivity and surface impedance
models to find a good compromise between accuracy and computational com-
plexity even in a broader bandwidth.
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Fig. 9 Small-signal measured and simulated performance of the power amplifier MMIC.

Fig. 10 Power measurement set-up.
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bacher and Dr. J. Kühn to keep this research cooperation between the Fraunhofer IAF and
the Universidad de Extremadura is highly appreciated. They also would like to thank two
reviewers for comments and suggestions which have highly improved both the readability
and the content of this paper.

This research has been partially supported by the Regional Government Junta de Ex-
tremadura/ERDF (European Regional Development Fund), project GR15052 and by the
Ministerio de Economı́a y Competitividad, Spain (TEC2013-46282-C2-2-P).



Title Suppressed Due to Excessive Length 13

References

1. M. Y. Liang, C. L. Zhang, R. Zhao, Y. J. Zhao, “Experimental 0.22 THz stepped fre-
quency radar system for ISAR imaging,” Journal of Infrared, Millimeter, and Terahertz
Waves, vol. 35, no. 9, pp. 780-789, 2014.

2. V. Radisic, D. W. Scott, A. Cavus, C. Monier, “220-GHz high-efficiency InP HBT power
amplifiers,” IEEE Transactions on Microwave Theory and Techniques, vol. 62, no. 12,
pp. 3001-3005, 2014.

3. B. Amado-Rey, Y. Campos-Roca, S. Maroldt, A. Tessmann, H. Massler, H. Massler,
A. Leuther, M. Schlechtweg, O. Ambacher, “A 200 GHz driver amplifier in metamorphic
HEMT technology,” in IEEE Asia-Pacific Microwave Conference (APMC), 6-9 December,
2015.

4. V. Radisic, K. M. K. H. Leong, S. Sarkozy, X. G. Mei, W. Yoshida, P. H. Liu, W. R. Deal,
R. Lai, “220-GHz solid-state power amplifier modules,” IEEE Journal of Solid-State Cir-
cuits, vol. 47, no. 10, pp. 2291-2297, 2012.

5. J. Längst, S. Diebold, H. Massler, A. Tessmann, A. Leuther, T. Zwick, I. Kallfass, A bal-
anced 150-240 GHz amplifier MMIC using airbridge transmission lines, in IEEE Workshop
on Integrated Nonlinear Microwave and Millimetre-Wave Circuits (INMMIC), September
2012.

6. B. Amado-Rey, Y. Campos-Roca, R. Weber, S. Maroldt, A. Tessmann, H. Massler,
S. Wagner, A. Leuther, O. Ambacher, “Impact of Metallization Layer Structure on the
Performance of G-Band Branch-Line Couplers,” IEEE Microwave and Wireless Compo-
nents Letters, vol. 25, no. 12, pp. 793-795, 2015.

7. T. Merkle, S. Koch, A. Leuther, M. Seelmann-Eggebert, H. Massler I. Kallfass, “Compact
110-170 GHz Amplifier in 50 nm mHEMT Technology with 25 dB Gain,”, in 8th European
Microwave Integrated Circuits Conference, 2013.

8. A. Sain, K. L. Melde, “Impact of ground via placement in grounded coplanar waveg-
uide interconnects,” IEEE Transactions on Components, Packaging and Manufacturing
Technology, vol. 6, no. 1, pp. 136-144, 2016.

9. Y. Campos-Roca, A. Tessmann, B. Amado-Rey, S. Wagner, H. Massler, V. Hurm,
A. Leuther, “A 200 GHz Medium Power Amplifier MMIC in Cascode Metamorphic HEMT
Technology,” IEEE Microwave and Wireless Components Letters, vol. 24, no. 14, pp. 787-
789, 2014.

10. P. Debye, “Polar Molecules,” Chemical Catalogue Company: New York, NY, USA, 1929.
11. N. B. de Carvalho, J. C. Pedro, “Large- and small-signal IMD behavior of microwave

power amplifiers,” IEEE Transactions on Microwave Theory and Techniques, vol. 47,
no. 12, pp. 2364-2374, 2014.




