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ABSTRACT OF THESIS
Ultra Wide-Band Circulator through Sequentially-Switched Delay Line with Resonant Gate
Drive
by
Nicolas Augusto Gutierrez
Master of Science in Electrical Engineering
University of California, Los Angeles
Winter 2019
Professor Yuanxun Wang, Chair

This work seeks to supplement the work previously done on the Ultra-Wide Band
SSDL Circulator. The technique, Sequentially-Switched Delay Line (SSDL), is applied in this
circuit to achieve non-reciprocal behavior using only classical, reciprocal integrated circuit
elements. Previous iterations of this project have yielded successful results; showing the
ability to achieve wide band circulator performance from on-chip measurements. The
control element essential to the performance of the circuit is the appropriate biasing of the
gates of the Gallium-Nitride (GaN) Field Effect Transistor (FET) switches. These highpower, high-channel breakdown devices require gate bias ranges spanning 10 V to 0 V.
Driving such large gate voltages causes the circuit to draw a large amount of power, on the
order of watts. In this work, resonant Inductor-Capacitor (LC) sections were used at the
gate drive to boost the switching signal through the resonant gain effect. The resultant
ii

work showed that a small input gate drive signal could be boosted by the LC section to the
required voltages to drive the GaN FETs.On-chip measured results showed close to a tenfold reduction in circuit power consumption with no impact on performance. Realistic
implementations of this technique are fundamentally limited by the quality factor of the LC
section components. Two circuits were fabricated, a 1.25 GHz variant and a 2.5 GHz
variant, and are described in this work.
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1.

Introduction

1.1

Prior Work
This work will heavily reference Ultra Wide-Band Circulator through Sequentially-

Switched Delay Line (SSDL), a Master’s Dissertation by Matthew M. Biedka, of which this
work is a direct derivative of. A majority of the electromagnetic and mathematical theory
will not be covered in this work and if the reader desires to gain a greater understanding of
that effort, they are encouraged to seek out that dissertation. Notwithstanding, a basic highlevel description on the principles of operation of the SSDL device will be described here
for the reader’s convenience. The work described in this dissertation encompasses a
majority of the work done for Phase II of the Defense Advanced Research Project Agency
(DARPA) sponsored project, Signal Processing at RF (SPAR) of which this work inhabits
Technical Area 2: Chip-Scale Circulators and Non-Reciprocal Components. The Phase II
objectives are displayed in Table 1. UCLA’s efforts for Phase I of the SPAR program were
successful in satisfying all of the objectives for except for two: Output P1 dB, which we
believe is limited by intrinsic limitation of the Gallium-Nitride (GaN) device caused by high
gate-to-channel leakage, and Maximum Power Consumption, which is limited by the high
voltage range required to operate the high-breakdown GaN devices. The efforts described
in this work will cover attempts to significantly reduce the power requirements of the chip
as well as miscellaneous efforts to improve our general design across all the performance
objective areas.
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Table 1. DARPA SPAR Phase II Objectives
Common RF Circulator Metrics

1.2

Phase 2 Goals

Center Frequency

1GHz

Minimum Bandwidth

20 MHz

Insertion Loss

3 dB

Minimum Tx -> Rx Isolation

20 dB

Return Loss into Antennas

20 dB

Minimum Noise Figure

4 dB

Output P1 dB

29

Maximum Power Consumption (mw)

100

Temperature Range (Co)

0 – 70

Maximum Dimension (mm)
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Thesis Outline
This work presents the SPAR UCLA’s efforts in improving the performance of the

previously realized SSDL from DARPA SPAR Phase I. A brief conceptual outline of the basis
of operation behind the SSDL technology will be presented first, followed by the
development of some improvements. Next, the implementation of these improvements will
be discussed followed by the experimental results of their successful operation. Lastly,
concluding remarks are given alongside plans for future work in DARPA SPAR Phase III.
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2.

The SSDL Concept Overview

2.1

Explanation of Signal Propagation
The designs fabricated for this dissertation used a modified version of the 6-line

SSDL described in [1] which is implemented as a 2-line variant. The primary theory of
operation however, is the same. Figure 1 shows a pictorial explanation of the time-domain
operation of the SSDL. As discussed in [1], in the frequency domain the device functions as
a non-band limited circulator with mixing products defined by the switching frequency of
the SSDL. It should also be noted that in the actual realization of the SSDL, the rightmost
switch in Figure 1 is realized with a Double-Pole Double-Throw (DPDT) functioning as an
Single-Pole Double-Throw (SPDT). This is done to ensure balance in the design.

Figure 1. SSDL pictorial representation of basics of operation (Left to Right, Top to Bottom)
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A rigorous theoretical basis can be found in [1], of which this dissertation is a direct
derivative of. Further description of basics of operation will not be covered in this work.

3.

Proposed Improvements

3.1

New Switch Topology
The Phase I attempt at UCLA utilized a Series-Shunt-Series switch topology in which

a propagating signal will pass through four GaN devices on its path through the entire
DPDT. This topology boasts superior isolation while sacrificing insertion loss. It was
proposed that the topology should be altered to a Series only switch topology where one
series device is removed, and the shunt device is replaced by a high impedance resistor.
The intention was to trade-off isolation (a performance specification we were already
satisfied with) with lower insertion loss. The signal would now propagate through only two
GaN devices in its path through the entire DPDT. In addition to this step, the device gate
dimensions were chosen for best insertion loss performance which the optimization
showed to be 805 um in length of gate periphery.
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Figure 2. New series only switch topology with entire DPDT (Two complementary SPDT's pictured)

3.2

Adjusted Device Model for Switch Mode Operation
UCLA’s design effort was using the foundry services of Northrop Grumman

Aerospace Systems (NGAS) and utilizing their 0.2um GaN (Gallium-Nitride) process and
process design kit (PDK). The device models provided to us proved to be inaccurate. This
was due to the model intended use being for power amplifier design, not high-speed
switches. This led to an effort to modify the model values to better match the performance
of the circuits fabricated in Phase I of the program. It was found that to better match the
experimental performance of our circuits, the gate-to-source and gate-to-drain
capacitances needed to be increased by approximately 2.5-times. The drain-to-source
capacitance did not need to be altered. In addition, diode models were added between the
gate and source/drain respectively. The updated model can be seen in Figure 3. This was to
add the ability to model the rectification effect of the transistor gate diode. It was
previously shown that the inaccurate device led to line mismatching and underestimated
insertion loss. The intent of this adjusted model was to remove both of these negative
effects.
5

Figure 3. ADS model of the modified NGAS 0.2um GaN Device model

3.3

Resonant Gate Drive Sections
The original Phase I SSDL system drew a large amount of power on the combined

eight switch drive lines. The large driving voltage requirements of the high-breakdown GaN
FETs (10 volts peak-to-peak) led to a large power consumption that did not meet the
program specifications. The switching power consumption can be derived by the following
description in a 50-Ω system.

The idea was to boost the drive waveform using a resonant LC section between the
drive line and FET gate. In which the peak-to-peak voltage at the gate can be described by,
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Since the gate itself is almost entirely reactive (a capacitance in parallel with a very
high impedance), the current sustaining ability of the resonant drive section is of no
importance. The resonant drive section trades-off lower current for higher voltage. This
method of decreasing power consumption is limited solely by the quality factor of the
resonant section. The limiting factor within the resonant section being the quality factor of
the MMIC inductors, which have poor quality factor compared to MMIC capacitors and
packaged inductors. The implementation of the LC section in our designs turned out to be a
series inductor and a shunt inductor with a DC blocking capacitor in the shunt line to
preserve the drive signal offset voltage at the gate. Furthermore, on a single DPDT,
complementary-opposite devices on each side of the switch require the same drive signal.
So, each drive line was routed to feed two gates, reducing the number of drive lines by half.
The schematic depiction of the split resonant drive implementation is shown in Figure 4.

7

Figure 4. DPDT switch with split resonant drive

All the resonant drive sections are identical. Simulation of the MMIC inductors
driving the small gate capacitance showed quality factors reaching no higher than 4-5. If we
assume a maximum quality factor of 5 for the LC sections, we can make the following
prediction for power consumption.
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As we can see, with a conservative quality factor of 5 for the LC section, we can
improve power consumption of the SSDL circulator by a factor of 10. A more detailed
description of the resonant LC section will follow.
The resonant section effectively transforms the 50-Ω gate drive line to a higher
impedance at the gate of the GaN FET, while at the same time matching to an almost purely
capacitive impedance looking into the gate. This impedance transformation boosts voltage
and lowers current at the gate. The schematic is shown in Figure 5. Note that the order of
L2 and C is not important since they are in series and the capacitor only functions as a DC
blocking capacitor and plays no part in the tuning of this section. The values chosen for
these lumped elements were based on the resonant frequency of the SSDL circulator. In
Figure 5, each device gate capacitance is represented by a capacitor (to model gate-source
and gate-drain capacitance) and a parallel resistor (to model gate leakage).

Figure 5. Schematic of resonant drive section

9

The values used in the two designs described in this thesis are listed in Table 2. The
capacitor was a fixed size at 300 um x 300 um which on this semiconductor technology,
corresponds to a capacitance of about 27 pF.

Table 2. Inductor values in each variant
L1

L2

1.25 GHz Variant

13.4 pH

11.1 pH

2.5 GHz Variant

2 nH

3.5 nH

The Keysight Advanced Design System (ADS) implementations of the resonant drive
sections are shown in Figure 6. ADS simulation using NGAS provided inductors and
capacitors showed that the quality factor, and therefore resonant gain of the LC resonator
section, was limited to about Q = 5. It was later shown that these simulated values matched
closely to the experimental results.

Figure 6. ADS Schematics of the resonant drive sections for the 1.25-GHz Variant (left) and the 2.5 GHz Variant (right)
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4.

Implementation of SSDL with Improvements

4.1

Semiconductor Technology Selection
The design of the SSDL was realized using Northrop Grumman’s 0.2um GaN foundry

process and their ADS integrated PDK toolkit. The decision to select Northrop Grumman’s
0.2um GaN process was to take advantage of GaN’s high-bandgap characteristics which in
turn provide high-breakdown voltages and high-power density. This performance would
allow the SSDL realized in 0.2um GaN to theoretically achieve a P1dB values upwards of 30
dBm or 1 Watt range, allowing the SSDL circulator to be used in RF front end systems
where high transmit powers are required.

4.2

1.25-GHz SSDL Implementation
The design of the SSDL was realized mostly in Keysight ADS. The time-domain

operation of the SSDL circulator makes it difficult to analyze the circuit using traditional
frequency domain techniques. The circuits were analyzed using transient analysis and all
the frequency domain data was extracted in post-processing. The circuit layout was
realized in Cadence Virtuoso and can be seen in Figure 7. The main challenge in the layout
implementation of the SSDL is validating that the electrical length of the delay lines in
series with the FETs in the DPDTs corresponds with the switching frequency. This was
validated extensively in simulation to ensure that the appropriate adjustments were made
to the line length to offset the coupling between the closely meandered lines and was
guided by knowledge gained in the previous iterations of the SSDL topology. Care was also
taken to validate that the difference in length of the drive lines to complementary-opposite
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pairs of FETs did not affect performance. It was determined through simulation that the
difference in electrical length was small enough to be ignored.
A secondary challenge was tuning the simulation parameters to give efficient
results. Since this circuit’s primary operation is based on time domain performance, the
simulations were run using the transient simulation tool and the results were converted to
the frequency domain. There was a significant effort in trying to determine what the
shortest amount of time the transient simulation could be run without giving inaccurate
results. It was determined that the transient simulation only needed to model one complete
switching cycle of the SSDL after the steady-state of the resonant drive sections was
reached. This was achieved by setting the simulator to begin 10 switching cycles in and to
only last for one or two switching cycles. This tradeoff gave us a balance between accuracy
of the results and reasonable simulation time with the computing resources at our disposal.
Total simulation time for a single complete SSDL was approximately 20 minutes.

Figure 7. Cadence layout of 1.25-GHz SSDL with split resonant drive
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4.3

2.5-GHz SSDL Implementation
The design of the second SSDL proceeded much in the same way as the 1.25-GHz

variant and is shown in Figure 8. The only differences were in the length of the delay line
sections between both DPDT switches and the sizing of the resonant drive inductors.
Notice as well that in this design, an additional length of transmission line is added to the
end of the shunt inductors to further incrementally tune the inductance of that section.

Figure 8. Cadence layout of 2.5-GHz SSDL with split resonant drive

5.

Experimental Results

5.1

Experimental Setup
Our experimental setup included a Keysight high-performance PNA-X, a probe

station, a function generator to generate the drive signal, and a hybrid coupler network to
apply the appropriate phase offsets to the various drive inputs on the SSDL. Figure 9 shows
a wafer under test, both microscope view and a test setup view.
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Figure 9. Fabricated 2.5-GHz Variant SSDL under probe test (left) and picture of entire test setup (right)

5.2

1.25-GHz SSDL Experimental Results
The experimental results of this SSDL were extremely promising. The adjustments

of the NGAS device model to better fit high-frequency switching conditions gave us the best
matching to date. The revised SPDT unit cells had better insertion loss performance with
minimal impact to port isolation of the SSDL as a whole. The resonant gain effect at the
gates was realized, although somewhat hampered by the low-Q MMIC inductors and
provided close to 10x power savings of the chip. The measured S-parameters of the 1.25GHz SSDL are shown in Figure 10, plotted alongside simulated results.
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Figure 10. Experimental and Simulated S-parameter results for the 1.25-GHz SSDL

This SSDL achieved non-reciprocal circulator performance under 3 dB insertion loss
and isolation greater that 18 dB at an instantaneous bandwidth from DC to 1 GHz, far
surpassing the bandwidth capabilities of conventional circulators. The circuit consumed
400 mW, a five-times improvement over the non-resonant drive SSDL

5.3

2.5-GHz SSDL Experimental Results
The results for the 2.5-GHz SSDL were similarly encouraging, achieving circulator

performance under 3.5 dB insertion loss and isolation greater that 19 dB at an
instantaneous bandwidth from DC to 1 GHz as shown in Figure 11. The circuit consumed
200 mW, a ten-times improvement over the non-resonant drive SSDLs.
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Figure 11. Experimental and Simulated S-parameter results for the 2.5-GHz SSDL

5.4

Power Compression Results
Before presenting the SSDL results related to power compression, it is important to

highlight that the FET devices used in the SSDL are being used as switches, not as
amplifiers. So, to view power compression in a traditional sense would be inaccurate. The
SSDL is inherently a passive device. The SSDL does not lose its main RF tone power to
harmonic tones (distortion) as it typically would in an amplifier. It loses its main RF tone
output power to internal reflection at open switches that are be closed when defined by the
timing scheme. This momentary internal reflection manifests itself at the output as loss of
power when integrated over time, but no harmonic distortion is created. So, this effect can
be thought off more as power dependent attenuation, since no harmonic products are
produced from this effect. However, the term power compression will continue to be used
in this work.
For both SSDL circuits, the power compression was similar. The results of the P1dB
measurements are shown in Figure 12. It can be seen that the addition of the resonant
drive sections has a minimal effect on the P1dB performance of the SSDL. The
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underperforming P1dB performance is a result of the RF signal changing the relative gate
bias and as a result self-turning on or off the transistor when we do not want it to do so.
Future work will be to devise a circuit method to prevent this effect.

Figure 12. Power compression of both SSDL variants

6.

Conclusion

6.1

Concluding Remarks
This work describes an effort to reach the objectives outlined by Phase II of the

DARPA SPAR program for Technical Area 2. While the performance of the SSDL ultimately
fell short of completing all the phase objectives, the concept made promising
developments, especially in reducing power consumption. Furthermore, work to adapt the
NGAS GaN FET models to better approximate effects under switching action greatly
improved the team’s ability to generate simulations that were more accurate than before.
An additional remark to make is that during this phase, no layout support was provided by
Northrop Grumman, so the entire layout effort was undertaken by the team at UCLA.
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6.2.

Future Work
Future work on the SSDL concept will naturally continue in DARPA SPAR Phase III.

The team at UCLA is planning to continue to develop and mature the SSDL technology and
attempt to reach the even more stringent Phase II goals in place. The main challenges to
solve will be to integrate the drive signal amplifiers on-chip, drastically increase power
compression through on-chip bootstrapping, and further reduce power consumption by
refining the resonant drive technique described in this work.
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