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SUMMARY

This thesis discusses the design of W-Band (75-110 GHz) quadruplers by proposing two
new techniques implemented on SiGe heterojunction bipolar transistor (HBT) platforms
with the focus of improving drain ef ciency.

Chapter 1 presents the background and motivation of this research. An introduction to
the role of microwave radar in automotive radar systems and the importance of frequency
qguadruplers in these systems are discussed. Also, the system challenges of operating mi-
crowave radar at W-Band are explained. Then, a brief overview of the role and common
implementations of frequency multipliers in literature are presented. Furthermore, a brief
background of SiGe HBTs and its role in aiding in the development of automotive radar is
discussed.

Chapter 2 presents the design of the rst W-Band quadrupler. This quadrupler utilizes
a series balun as the interstage transition of two cascaded push-push doublers (PPDs). This
minimizes the interstage loss while also allowing the two PPDs to share the same supply
current. This work was published in IEEE Microwave and Wireless Technology Letters
[1].

Chapter 3 presents a W-Band stacked quadrupler with a dual-driven core quadrupler.
The topology circumvents the need of an interstage balun by using a pair of push-push
doublers, whose input signals are @ut-of-phase, as an input stage to drive a third, dual-
driven push-push doubler. This alleviates the drive requirement of the preceding PPD pairs,
which results in the preceding stages requiring less DC power consumption. Consequently,
the drain ef ciency of the quadrupler is improved. The measurement results and a compar-
ison to the state of the art of this and the current-reuse quadrupler are shown. The work
of this paper has been prepared and will be submitted to the 2024 International Microwave
Symposium.

Chapter 4 provides a summary and presents potential future work.



CHAPTER 1
INTRODUCTION

1.1 Background

The improvement of commercial vehicles has created the need for more robust automotive
radars. Now, features such as adaptive cruise control, automatic braking, and lane keeping
are expected with any modern car purchase. As a result, more robust sensors are required
to ensure reliable operation and safe maneuverability. Typically, car sensors will house
multiple different sensors. As seen in Figure 1.1, some of these sensors include radar,
LIDAR, cameras, and ultrasound. However, microwave automotive radar has become more
favored due to it being more robust to temperature, weather, and light conditions at an
affordable cost [2]. Furthermore, they do not need to be as exposed as other types of
sensors such as video or ultrasonic sensors, providing a stylistic advantage over other sensor
options. The bene ts of microwave radar make the usage of microwave radar essential if

we are to progress toward autonomous vehicles.

Figure 1.1: Example of imaging systems on a commercial automotive vehicle [3].



Typically, microwave radar can be classi ed under three different categories: short-
range radar (SRR), medium-range radar (MRR), and long-range radar (LRR). SRR is typ-
ically used for sensing objects that are within direct proximity of the vehicle, which is
essential to the maneuverability of automotive vehicles. This includes features such as
pre-crash safety, blind spot detection, parking aid, rear collision avoidance, lane change
support, and pedestrian protection. LRR is useful for determining the real-time distance
and relative speed of the vehicles in front for reliable braking systems or other protective
mechanisms. MRR is useful for applications that require a speed pro le like cross-traf ¢
alerting and blindspot detection. This is essential for the alerting of oncoming vehicles at
traf ¢ stops or detecting vehicles that are blocked from the driver's eld of view.

The operating frequency bands of each of the different ranges of radar are set by the
Federal Communications Commission (FCC). Historically, 25 GHz has been allocated for
SRR operation. However, the frequency band of 77-81 GHz has recently been used as an
alternative frequency band for SRR, due to larger available bandwidths. This is particularly
useful because it allows SRR to have an operating range of 4 GHz instead of its previous
lower frequency bandwidth of 1 GHz, which leads to a higher range resolution [4]. Due to
angular separability requirements, LRR is allocated to 76-77 GHz [5]. Likewise, MRR has
been allocated to operate at 77-81 GHz. Finally, in all of the radar ranges, the higher op-
erating frequency allows the antenna aperture size to further decreases in size. A summary

of all the frequency bands in W-Band used for automotive radar can be seen in Figure 1.2.

1.2 Radar System Considerations

Due to all of the radar of interests being in W-Band, robust high frequency design needs
to be investigated. An example of a W-Band transmitter used for automotive applications
is shown in Figure 1.3. The implementation of the radar transmitting systems will usually
consist of a frequency generation circuit that is fed to a power ampli er. This power am-

pli er is then used to drive an antenna. The frequency generation will often use a voltage



Figure 1.2: Example of automotive radar specs [6].

controlled oscillator (VCO) embedded in a phase-locked loop (PLL). The PLL is a feed-

back loop that uses loops phase/frequency detector, loop Iter to minimize frequency drift
and phase noise. Unfortunately, one of the major bottlenecks of this system is the VCO,
due to its limitations on phase noise. To quantify the in uence of phase noise on system

performance, its relation to the SNR as a result of its conversion to baseband noise can be

shown as follows [7]:

VA 1
D. 4f R
o = Sou (Nd = 1 exp( — )] (1.1)
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where ., IS the phase variance at the IF outpDt, is the phase diffusivityf, is the
PLL bandwidthR is the distance from the target, aBd,co ( f) is the PLL phase noise

at a speci c frequency offset. As seen from Equation 1.3, a decrease in phase variance



Figure 1.3: Simple example of an automotive radar transmitter con guration [3].

has an exponential, improvement of signal-to-noise ratio. Furthermore, the phase variance
requirements of the system have a direct relationship to the maximum range that can be
detected, which can correlated to the sensitivity of the system. For the next generation

of automotive radar sensors, a sensitivity as low as -110 dBm has been targeted, which
imposes stringent requirements for the VCO phase noise [3]. System phase noise require-
ments are challenging due to oscillator circuits operating at these frequencies suffering

from low transistor gain and the nit® of passive components.

These problems can be alleviated by using mature, low-frequency oscillators and then
multiplying the oscillator output frequency through the use of a frequency multiplier. For
example, circuits that multiply a signal's frequency by two, frequency doublers, enable an
oscillator's design to be at half the desired output tone's frequency, improving the character-
istics of the produced signal. While low transistor gain and ief passive components
also negatively affect the performance of the frequency multiplier, the phase noise of the
system with the frequency multipliers will often be better than the phase noise of the VCO

designed to operate at W-band without multipliers.



1.3 Frequency Multiplier Design

In terms of performance metrics in frequency multipliers, conversion gain, harmonic rejec-
tion (HR), and drain ef ciency () are some of the most important metrics to quantify the
quality of the frequency multiplier. These metrics are de ned in Equation 1.4, Equation 1.5
and Equation 1.6, respectively. In these equati®gs, is the desired output power of the
frequency multiplier for a given input pow&;, . For example, in the case of a frequency
doubler,P,,: would be the output power at the second harmonic for a given input frequency.
The harmonic rejection is de ned as the difference between the output power at the desired
frequency,Poy:, and the output power at each undesired harmoigg(nth harmonig.
Finally, the drain ef ciency is de ned as the ratio between the desired output harmonic,

Pout, and the DC power required to produce the powgg .

Conversion Gain [dB¥ Py [dBm] Pj, [dBm] (1.4)

HR(nth harmonic) [dBcF Py (nth harmonic) [dBm] Py [dBm] (1.5)

_ Pout [W]
~ Ppc [W] (1.6)

Typically, frequency doubler topologies consist of the PPD [8, 9] or the gilbert cell
(GC) [10, 11]. The GC multiplier utilizes the traditional gilbert mixer topology but instead
uses the input signal to drive both the RF and LO ports. This circuit will traditionally have a
higher conversion gain between the input fundamental tone and the output tone. However,
there is a high voltage overhead, which translates to higher power consumption and lower
power ef ciency. A popular approach for GC multiplier design is using the bootstrapped
topology. [10, 12, 13]. Bootstrapping the GC has been shown to improve the conversion

gain due to the driving circuits only being required to send the input signal to lower input



transistor pairs [12]. Furthermore, having the switching occur directly at the base and
emitter of the switching transistors minimizes the common mode second harmonic. Doing
so improves the harmonic rejection which can be necessary when the topology is cascaded
to create higher-order multiplications. An example of this topology is shown in Figure 1.4.

Alternatively, the PPD is a simpler topology. The topology takes advantage of directly
connecting the output of each transistor to a common node, which combines even harmon-
ics generated by the devices and cancels the odd harmonics. Naturally, this means that
the circuit has really strong odd harmonic rejection. Furthermore, this topology is usually
power ef cient. However, the conversion gain of this topology will typically be low com-
pared to the GC. Unfortunately, the challenge of using PPDs at higher frequencies is the
poor reverse isolation due to the base-to-collector capacitance. As a result, any signal that
is generated by the transistor leaks back to the input, which can negatively affect the har-
monic rejection of the doubler. This limits the size of the transistor that can be used and,
consequently, limits the output power that can be achieved at higher frequencies. Harmonic
re ectors are a popular approach to remedying the issue of poor reverse isolation by pre-
senting a highly re ective second harmonic input impedance. This results in any signal that
wants the go back to the input being re ected back to the output. Overall, this technique
has been shown to improve the output power by 50% and the PAE by 3% at D-Band [14].
However, because these are usually implemented using stubs or resonant structures, har-
monic re ector solutions usually result in narrowband frequency multipliers. An example
of this topology is shown in Figure 1.5.

Higher-order multiplication can be accomplished by cascading multiple frequency dou-
blers [15]. Speci cally for frequency quadrupling, two frequency doublers can be cascaded.
Alternatively, the PPD can be con gured to perform waveform choppings to produce a

fourth harmonic with a moderate amount of ef ciency [16].



Figure 1.4: Bootstrapped Gilbert frequency doubler [12].

Figure 1.5: Push-Push doubler with harmonic re ectors at the input [14].



1.4 SiGe HBT Technology

SiGe HBTs have been shown to be a promising technology for implementing automotive
radar systems [6]. Speci cally, the addition of germanium in the base of the Si bipolar
device lowers the bandgap across the base, which speeds up the diffusive transport of the
minority carriers. This results in a decreased base transit time, which is one of the primary
limiting factors of the high-frequency response of bipolar devices [17]. Furthermore, this
process introduces an additional degree of freedom, allowing for the increased doping of
the base which reduces the base resistance [18]. As a result, SiGe HBTs have demon-
strated higher unity current gain frequencies)(@nd the maximum oscillation frequencies
(fmax ) compared to CMOS of similar technology node. This allows the HBT to approach
the performance of 11l-V technologies while maintaining the cost, yield, and reliability of

a silicon platform. Furthermore, as shown in Figure 1.6, each generation yields an increase
radio frequency (RF) performance of the device, with some commercially available HBTs
reporting anf +/f yax as high as 470GHz/700GHz on a 130-nm process [19]. In CMOS,
scaling provides challenges for RF designs andlyisc is critically dependent on layout

due to non-scaling parasitics in layout [20].

While SiGe HBTs have shown outstanding RF performance metrics compared to CMOS
of the same process node, its ability to be integrated with CMOS is one of the HBT's great-
est strengths for systems. Compared to SiGe HBTs, a purely CMOS process demonstrates
reduced ability to be used as a platform for automotive radar. Its low breakdown, lossy
substrate, and poor noise performance would limit the detectable range and sensitivity of
the automotive radar system [21]. However, when combined with SiGe HBTSs into a BiC-
MOS process, system designers are able to take advantage of the CMOS device's digital
prowess, while also bene ting from the SiGe HBT's outstanding RF performance. Further-
more, BICMOS processes enjoy quality backend of lines, yielding high quality passives

[17]. These features provided by a BICMOS process are invaluable when implementing



Figure 1.6: Progression of SiGe HBT performance across generations

a cost-effective integrated system on chip. Furthermore, this vastly improves the capabil-
ity of automotive radar and is essential for designing systems that operate at W-Band and

beyond.



CHAPTER 2
W-BAND FREQUENCY QUADRUPLER WITH CURRENT-REUSING STACKED
PUSH-PUSH STAGES

2.1 Introduction

As mentioned previously, frequency quadruplers are typically designed by cascading two
frequency doublers. PPDs are an attractive option for frequency multiplication in systems
that require a single-ended input signal. However, this feature creates problems when cas-
cading frequency doublers. PPDs suffer due to their differential inputs and single-ended
output. Hence, a balun is required to successfully convert the single-ended output of the
rst PPD to the differential input of the second PPD. Unfortunately, the use of a balun and
accompanying matching networks degrades the power out of the rst doubler, due to added
loss from the networks. In addition. each stage requires its own supply, increasing overall
power consumption of the frequency multiplier. Both of these requirements degrade the
ef ciency of the circuit. The proposed circuit alleviates these challenges by inducing a se-
ries balun between two stages, which decreases the need for matching networks and allows
both PPDs to share the same supply current. Both features improve the output power and

power ef ciency.

2.2 Design Methodology

The topology of the proposed frequency quadrupler and corresponding component values
are shown in Figure 2.1. The frequency quadrupler is composed of a transformer-based
input matching network to drive a common-emitter PPD, followed by a series-connected

balun. The series-connected balun drives a common-base PPD to generate the fourth-

harmonic. The output of the common-base PPD is sent to a buffer ampli er to provide
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Figure 2.1: Schematic of proposed quadrupler. The series balun which enables current
reuse is shaded. Harmonic re ectors are highlighted in green boxes and harmonic traps are
highlighted in red boxes.

Figure 2.2: Simulated maximum available gain (left) and 3D view (right) of series balun.

broadband output matching and improve harmonic rejection. All bias voltages are applied
using external voltage supplies.

The transistors in the rst PPDQ; and Q,) were sized with two parallel 6n SiGe
HBTs to achieve the optimum tradeoff between output power and matching, and were
biased in Class-C for high ef ciency. An input-matching network and balun were used
to generate the differential signals for the rst PPD. The coupling of the input balun was
intentionally reduced to improve the input bandwidth, at the cost of increased insertion
loss. Since Class-C operation of the rst PPD stage drastically increases the impedance
seen looking into the bases@f andQ,, shunt resistors on the secondary side of the input

balun were used to d@-the input, alleviating matching. &f o re ector was also utilized to

11



Figure 2.3: Simulated magnitude and phase of emitter voltage swiri@, Gind Qs at
84 GHz and an input power of -2 dBm.

increase the output power of the rst doubler. A cascode transi@tavas used to further
improve the output power of the rst doubler, while also acting as a buffer between the two
doubler stages.

The novelty of this work lies in the use of a series balun to provide a differential signal
to the input of the second-stage doubler. This balun allows for a stacked topology, where
half of the supply current is shared between the rst and second doublers, improving the
overall ef ciency of the quadrupler. The series balun was EM simulated using Integrand
EMX, and its maximum available gain across frequency is shown in Figure 2.2. The series
balun demonstrates a loss of 1 dB across the desired second harmonic band when matched.
A challenge of this series balun design is ensuring that the signals at the emit@grard
Qs are 180 out of phase across both input power and frequency. This was accomplished by
both forcing the emitter voltage swings@f, andQs to be the same by designing the series
balun to present similar impedances to both emitte3,0dndQs at saturation, and proper
selection of the external supply control voltage,,¥ As shown in Figure 2.3, the voltage
swing amplitude and phase at the emitterQg@fandQs is a strong function of \,e bias.

An additional capacitor at the emitter @ was required to equalize the phase difference

caused by routing parasitics. Furthermordf are ector was added to the emitter of the

12
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