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Ultra-wideband microstrip filters fabricated with precision techniques on alumina substrates operate in three different frequency bands, ranging
from 20 to 56 GHz with fractional bandwidths exceeding 33 percent.  The filters are designed for a frequency multiplier-based signal generator
used in a compact ultra-wideband radar system. The first-pass computer-aided development process includes a sensitivity analysis to account for
manufacturing tolerances, enabling the production of fully functional circuits on an accelerated schedule. The filters provide excellent electrical
performance, as well as small size, low cost and ease of integration.

Compact microwave and mmWave filters with fractional bandwidths exceeding 20 percent are in demand for applications such as wireless
communications and radar. Microstrip bandpass designs implemented using high permittivity ceramic substrates have been widely reported;1-3

however, some disadvantages of these earlier realizations include significant insertion loss, narrow bandwidth and limited selectivity.4-8

To overcome a lack of acceptable commercial off-the-shelf filters with very specific passband and selectivity requirements in an accelerated
development schedule, custom planar microstrip filters on alumina with fractional bandwidths exceeding 33 percent are produced with rapid
prototyping. These ultra-wideband,9 low loss ceramic filters serve as preselect filters in a multistage frequency multiplier module used in the
generation of highly linear frequency swept radar waveforms.

Figure 1 is a simplified block diagram of the frequency multiplier circuit, which uses a series of frequency doublers and two spectral translation
stages to generate a wideband (2 to 18 GHz) chirp from a 0.1 to 1.1 GHz baseband signal.10 This work focuses on the blocks marked in red and
labeled “alumina.” The blocks labeled “cavity” are tailored interdigital cavity bandpass filters.

Figure 1 Simplified block diagram of the frequency multiplier-based waveform
generator.

The output of each multiplier stage is filtered to reduce out-of-band harmonics. Wideband amplifiers, not included in the block diagram, are used
to adequately drive succeeding stages. A pair of wideband mixers performs the required up- and down-conversions. The 2.4 GHz source pumping
the up-conversion mixer (labeled “Stage_0”) and the 38 GHz oscillator used with the second mixer are phase-coherent. Similar circuits for
generating radar ultra-wideband FM waveforms have been reported by Kocher,11 Li,12 Gomez-Garcia et al.13 and Yan et al.14 The primary
advantages of the Figure 1 implementation versus prior designs are:

Frequency selection is made so that harmonic content produced by the frequency multipliers is kept outside the bands of interest as much as
possible.
There is a sufficient guard band at each multiplication stage to minimize additive frequency roll-off and increasing group delay at the band
edges.13

This design is geared toward the implementation of a compact module suitable for operation on unmanned aerial vehicles.

This work focuses on the design, manufacture and characterization of the filters employed in the last three stages of the multiplier: two ultra-
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wideband designs covering the 20 to 28 and 40 to 56 GHz bands, respectively, and a 35 to 41 GHz design for the 38 GHz local oscillator (LO)
signal from the last down-converter stage. The three circuit designs are simulated with electromagnetic analysis tools and fabricated by a
commercial foundry. Multiple sets of measurements on the final products are compared with simulation, demonstrating first-pass success in the
design process.

FILTER DESIGN FLOW
The filter chosen for the 20 to 28 GHz band is a fifth-order coupled-line Chebyshev design.15 Once synthesized, a circuit simulator is used to
define a parametric model enabling adjustment of the filter’s line widths (w1, w2 and w3), lengths (l1, l2 and l3) and separation between coupled
lines (s1, s2 and s3). The line width of the input/output microstrip, designated w_50, as well as the coplanar waveguide feed dimensions are set for
50 Ω. The length of the microstrip line from the feed is made long enough to isolate the coupled-line section from the edges and to accommodate
any mechanical structures that shield the filter in an integrated assembly. Optimization and tuning are performed to achieve the desired response.
The filter is designed to pass the 20 to 28 GHz chirp from the third multiplier stage with small guard-bands on each side, to prevent operating in
the region where group delay increases more rapidly and introduces phase distortion in the desired signal. Another design requirement is that third-
order harmonics in the 30 to 42 GHz band from the preceding multiplier stage, whose input is a 10 to 14 GHz chirp signal, are suppressed along
with the higher-order harmonics.

Three figures of merit are established as goals to optimize performance for each frequency multiplication stage:
(1) Stop-band attenuation of 20 dB at 2 GHz from the band edge.
(2) In-band insertion loss of less than 2 dB.
(3) In-band return loss better than 20 dB.

Multiple configurations supported by simulations are analyzed to achieve the best performance trade-off. For discrete optimization, geometric
variables are defined with a step size of 2.54 μm (0.1 mil) and a minimum trace width of 12.7 μm (0.5 mil), as specified by the commercial
foundry.16 The filters use a 127 μm (5-mil) thick alumina (Al2O3) substrate with a gold conductor; the dielectric constant is 9.9 and tanδ = 0.002.
The conductor is sputtered with 2 μm of gold and metallized with TiW.

A genetic algorithm is used for optimization. The algorithm yields a new variable set after multiple iterations to minimize the cost function error.
Dimensions are updated when the error is minimized and the solution appears to converge. A planar finite element circuit simulator is used to
generate a more accurate filter model. The dimensions of the 20 to 28 GHz filter after optimization are shown in Figure 2. A similar process is
followed for the 40 to 56 and 35 to 41 GHz filters, whose dimensions are shown in Figures 3 and 4, respectively. The passband of the 35 to 41
GHz filter is expanded to accommodate other frequency plans that may require a different LO frequency (e.g., 40 GHz).
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Figure 2 Top view of the fabricated 20 to 28 GHz filter (a) with parameters and
dimensions in the x- (b) and y- (c) directions.
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Figure 3 Top view of the fabricated 40 to 56 GHz filter (a) with parameters and
dimensions in the x- (b) and y- (c) directions.
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Figure 4 Top view of the fabricated 35 to 41 GHz filter (a) with parameters and
dimensions in the x- (b) and y- (c) directions.

A sensitivity analysis accounts for fabrication tolerances and deviations by randomly sweeping the simulated design dimensions. Multiple sets of
filters with frequency offsets in the response are used to check for potential shifts in the passband. Figure 5 shows the results of a sensitivity
evaluation illustrating the effect of a 2.54 μm (0.1 mil) deviation from nominal design parameters. The target insertion loss, |S21|, is within
acceptable limits, and the span of uncertainty is acceptable. Fabrication of the filter is feasible.

Figure 5 Sensitivity analysis for first-pass design of the 20 to 28 GHz filter.

Embedding coplanar waveguide (CPWG) feeds into the 20 to 28 and 35 to 41 GHz filter structures helps reduce interconnect reflections and
provides a good transition for final integration; however, simulations reveal that the square grounding pad and its via hole have a negative effect in
the 40 to 56 GHz filter response, manifested as a dip in insertion loss close to 52 GHz. To overcome this issue, a microstrip feed is used, with a
commercial tapered coplanar waveguide (CPW) to microstrip transition for the 40 to 56 GHz filter.

Design trade-offs are made to satisfy the design rules of the commercial foundry. Specifically, gold (Au) is used as the conductor instead of copper
(Cu), and the position of the via holes relative to the edges and their separation are adjusted. A summary of the dimensions for the three filters is
provided in the Table 1 and the worst-case measured insertion loss and |S11| in Table 2.
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SIMULATED VERSUS MEASURED RESULTS

Several sets of measurements were made at Michigan State University (MSU), the University of Massachusetts (UMass) Amherst and the National
Institute of Standards and Technology (NIST). The 20 to 28 and 35 to 41 GHz filters were tested at MSU and at NIST, while the 40 to 56 GHz
filter was measured at UMass. The tests at NIST verified performance repeatability for two sets of the same filters and identified any response
variations under different power levels at 0 and -10 dBm.1 They were performed with vector network analyzers (VNA) equipped with ground-
signal-ground probes; 150 μm pitch probes for the 40 to 56 GHz filter and 250 μm pitch probes for the 20 to 28 and 35 to 41 GHz designs. The
reference plane was at the filter feed point.

For the probe measurements at UMass and MSU, short-open-load-thru calibrations used a commercial substrate. At NIST, on-wafer calibration
artifacts fabricated on a sapphire substrate were used to correct the filter S-parameters. The calibration artifacts include a 0.420 mm thru, a short
circuit reflection, a nominal 50 series resistor, a series capacitor and a series of transmission lines. The short circuit reflection, series resistor and
series capacitor had 0.210 ±0.005 mm offsets. In cross section, each device has a CPW geometry, where the center conductor is 0.060 ±0.001 mm,
the ground planes are 0.240 ±0.001 mm and the gaps are 0.015 ±0.001 mm. Conductor thicknesses are nominally 0.350 ± 0.010 nm. Transmission
lines lengths of 0.420, 1.000, 2.155, 3.135, 4.200, 7.615 and 11.570 mm were optimally chosen to reduce measurement uncertainty. An uncertainty
of 0.005 mm was due to probe contact variability.

To correct the on-wafer test data, S-parameters of each calibration artifact and the switch terms were measured with a VNA. First, data for the
switch terms was corrected, reducing the error model from twelve to eight terms.17 Next, a multiline thru-reflect-line (TRL) calibration,18, 19 was
performed, with capacitance per unit length extracted from the series resistor.20 Taking the capacitance per unit length as constant, the
characteristic impedance was transformed to 50 , and the reference planes translated to the probe tips.21 Finally, the filter S-parameters were
measured and corrected using the multiline TRL algorithm.

The response of the 20 to 28 GHz filter is shown in Figure 6. The magnitude of the filter’s scattering parameters, S11 and S21 in dB, and the group
delay are plotted versus frequency. The vertical green lines define the desired passband, which shows a measured insertion loss of less than 2 dB
and |S11| better than 17 dB. Figure 6b shows excellent agreement between the simulated results and two experimental datasets recorded using
different setups by different groups. Figure 6d clearly shows the guard band helps keep group delay ripple outside the 20 to 28 GHz range. The
nearly constant 0.2 ns group delay in the passband introduces minimal phase distortion in the chirp signal.
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Figure 6 Simulated vs. measured responses of the 20 to 28 GHz filter: transmission
magnitude (a), zoomed-in view of the passband (b), reflection magnitude (c) and
group delay (d).

Figure 7 shows the response of the 40 to 56 GHz filter, demonstrating an insertion loss of less than 2.5 dB, including the effect of the CPW to
microstrip transition and the ribbon bonds used in the test setup. Figure 8 shows the filter and CPW transition interconnect with two gold ribbon
bonds. The use of multiple parallel ribbons reduces inductance and eliminates the need to model this feature in the simulations.22 As observed in
Figure 7, even with the effect of the ribbon interconnects, the filter’s measured insertion loss is lower than designs operating at similar frequencies
reported in the literature.23-25 The |S11| is higher than 12 dB in the passband. Rejection at the upper end of the band is measured to only 67 GHz,
due to limitations in the test setup; however, it is apparent that out-of-band signals are sufficiently attenuated and agreeing with simulation.
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Because of the higher operating frequencies, this design is more susceptible to fabrication inaccuracies. Figure 7b shows the measured passband is
slightly wider than predicted by the simulation, which is attributed to slight differences in the dimensions of the fabricated circuit. However, the
sensitivity analysis helps identify these potential discrepancies and determines the required band offsets to compensate.
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Figure 7 Simulated vs. measured responses of the 40 to 56 GHz filter: transmission
magnitude (a), zoomed-in view of the passband (b), reflection magnitude (c) and
group delay (d).

Figure 8 Ribbon bonds connecting the microstrip feed of the 40 to 56 GHz filter and
microstrip to CPW adapter.

Figure 9 compares the measured and simulated responses for the 35 to 41 GHz filter. The red line indicates the 38 GHz frequency of the LO
shown in Figure 1, for which the filter has less than 2 dB insertion loss and about 15 dB |S11|. Once again, both measured data sets agree well with
one another and with the simulated results.
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Figure 9 Simulated vs. measured responses of the 35 to 41 GHz filter: transmission
magnitude (a), zoomed-in view of the passband (b), reflection magnitude (c) and (d)
group delay.

CONCLUSION
Filters on ceramic substrates operating to 56 GHz exhibit greater than 33 percent fractional bandwidth. First-pass design success is accomplished
on multiple prototypes by using electromagnetic simulations and performing sensitivity analyses to account for fabrication tolerances in
commercial foundry processes. Measured performance is reproducible in different laboratories and is in close agreement with simulation. The
filters can be easily integrated into the frequency multiplier module for which they were designed. The procedure used for development is
repeatable, efficient, cost-effective and suitable for future designs operating at other frequencies.
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