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SUMMARY

The objective of this work was to design high-speed circuits using silicon-germanium
(SiGe) heterojunction bipolar transistors (HBTs) and complementary SiGe (C-SiGe) HBTs,
as well as silicon (Si1) complementary metal oxide semiconductor (CMOS) devices, for
next-generation ultra-wideband (UWB) transceivers. The demand for wideband circuits
is driven by many newly introduced military and commercial applications, such as short-
range high data rate communication systems, precision geolocation systems, intrusion de-
tection radar, and software-defined radios. The advantages of using UWB systems over
conventional narrowband transceivers include their lower power requirements, higher data
rate, more efficient spectrum usage, precise positioning capability, lower complexity, and
lower cost. The various components in a UWB system design include UWB communi-
cation channel and architecture design, UWB antenna design, and UWB transceiver in-
tegrated circuit (IC) implementation. The two major components in a UWB transceiver
IC are the radio frequency (RF) circuit and the analog-to-digital converter (ADC). In this
proposal, circuit-level solutions to improve the speed and performance of critical building
blocks in both the RF front-end and the ADC are presented. Device-related issues affect-
ing SiGe HBTs for potential applications in UWB systems intended for use in extreme
environments will also be investigated.

Details of this dissertation can be found in the following refereed publications:

1. The design of 3-10 GHz UWB low noise amplifiers (LNAs) in both 120 GHz and
200 GHz SiGe HBT technologies (Chapter II, also published as [59]).

2. The design of an 8-bit 12 GSample/sec SiGe BiCMOS track-and-hold amplifier
(THA) in 200 GHz SiGe HBT technology (Chapter II1, also published as [72]).

3. The design of a 70 MHz - 4.1 GHz fifth-order elliptic g,,-C low-pass filter in C-SiGe
HBT technology (Chapter IV, also published as [79]).

Xiil



4. An investigation of proton radiation effects in third-generation SiGe HBTs (Chapter

V, also published as [84]).
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CHAPTER 1

INTRODUCTION

1.1 Applications of UWB Transceivers

UWB communications systems are generally characterized in terms of their impulse
response in the time domain, in contrast to the frequency domain analysis used in the
characterization of their narrowband counterparts [1]. The concept of UWB was pioneered
by Ross in 1963 [2]. Since then, UWB has inspired decades of innovations in theory and
implementation, and numerous military and commercial applications have emerged that
demonstrate the feasibly and viability of UWB technology.

Among all the applications of UWB technologies, the newly introduced commercial
UWB communication technology is currently drawing the greatest attention as it exhibits
the greatest potential for implementation in next generation wireless communication sys-
tems. In 2002, the Federal Communication Commission (FCC) approved UWB for use in
commercial communication and imaging systems [3]. UWB systems are now permitted
to operate in the 3.1-10.6 GHz range with a minimum signal bandwidth of 500 MHz and
maximum power spectral density of -41.3 dBm/MHz [3]. Even though the UWB standard
(IEEE 802.15.3a) for wireless personal area network (WPAN) communications has not
yet been finalized [4], [5], it is envisioned that these systems will be capable of transmit-
ting extremely high data rates (up to 500 Mb/s) at much lower digital power (less than 1
mW) [6] than the Wi-Fi technology (IEEE 802.11b) currently used for wireless local-area
networks (WLAN), which typically delivers a 11 Mb/s data rate with a transmitted power
of 200 mW. As a result, not only will UWB technology greatly improve the performance
of wireless computer networks, but it will also revolutionize home multimedia by con-

necting virtually all home electronics such as the computer, camcoder, digital camera, and



high-definition TV with wireless UWB devices [6], [7]. In other words, UWB devices are

expected to replace every data cable with a high-speed wireless connection [6].

Table 1: Key Specifications of Wireless Technologies (after[6]).

Technology Data Rate Output Power Range  Frequency

(Mb/s) (mW) (m)
IrDA 4 100 mW/sr 1-2 Infrared
Bluetooth 1-2 100 100 2.4 GHz
IEEE 802.11a 54 40-800 20 5 GHz
IEEE 802.11b 11 200 100 2.4 GHz
IEEE 802.11¢g 54 65 50 2.4 GHz
UWB 100-500 1 10 3.1-10.6 GHz

An interesting imaging applications of UWB technology is portable intrusion detection
radar, or wall-penetrating radar. With this radar, military targets inside a building can be
detected and precisely located through walls [8]. Even though some conventional radars,
for example the L-band synthetic aperture radar (SAR), can "see through" the wall, several
disadvantages, including its large size, heavy weight, high cost, low resolution, high power
consumption, and high RF power (unsafe), make it impossible to deploy them widely as
portable intrusion-detection radars [8]. However, with the development of UWB technol-
ogy and the improvement in the performance of digital signal processing (DSP) circuits,
low-power and high-resolution portable radars have become possible [8]. Several proto-
types of the intrusion-detection radar have been developed in industrial research labs for
defence and security applications based on this technology [9], [10].

Another application of UWB technology is in automobile collision-avoidance radar. In
2002, the FCC also approved a second 7 GHz UWB band, 22-29 GHz, for vehicular radar
systems [3]. The wide bandwidth of the UWB vehicular radar makes it possible to precisely
measure the movement of objects, and thus avoid collisions by triggering safety devices
[11]. Even though 77/79 GHz frequencies are considered by the Conference of European

Posts and Telegraphs (CEPT) to be a better band for automotive radars, the technology



required to develop a radar working at such high frequencies is still neither mature nor cost
effective [11], [12]. consequently, 22-29 GHz radars (24 GHz narrowband radars and 24
GHz UWB radars) are expected to become the preferred solution for low-cost automobile
radar in the the next few years [11].

Other applications of UWB technology include radio frequency identification (RFID),
precision geolocation systems, surveillance systems, and military short-pulse communica-

tion systems [13].

Table 2: Military and Commercial Applications of UWB Technology (after [13]).

Military/Government Commercial

Tactical Handheld and Network LPI/D Radios High-Speed LAN/WANSs
Non-LOS LPI/D Groundwave Communications  Industrial RF Monitoring Systems
LPI/D Altimeter/Obstacle Avoidance Radar Collision Avoidance Sensors
Tags (RFID) Tags (RFID)

Intrusion Detection Radars Intrusion Detection Radars
Precision Geolocation Systems Precision Geolocation Systems
Unmanned Aerial Vehicles (UAV) Altimeter/Obstacle Avoidance Radars
Unmanned Ground Vehicles (UGV) Datalinks Medical Imaging Systems

LPI/D Wireless Intercom Systems

1.2 Motivations For Developing UWB Transceivers

A typical a narrowband transceiver, in this case a super-heterodyne transceiver for
802.11b (Wi-Fi), is shown in Fig. 1 [14]. The super-heterodyne architecture, which was
invented by E.H. Armstrong in 1918, is one of the oldest transceiver architectures, and is
still the most widely used architecture in wireless communication systems. The benefits
of super-heterodyne transceivers include their easy implementation and reliable operation.
A quick glance at Fig. 1 shows that the system is fairly complicated, however, consisting
of many RF components and involving several frequency up- and down-conversions. As a

result, large power consumption, large chip area, and high cost are involved. In addition,



it takes a long time to design and debug a complicated system such as this, and once it
is designed for a particular frequency and standard, the system cannot be reconfigured
for operation at another frequency. Another important issue is that for some narrowband
communication systems, such as super-heterodyne transceivers, off-chip high-Q channel-
selection or image-rejection filters are required [15]. These filters, for example surface
acoustic wave (SAW) filters, are kept off-chip in order to meet the high-Q and high linearity
requirements. Off-chip components make the super-heterodyne architecture less favorable

in terms of cost reduction and system-on-a-chip integration.
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Figure 1: Block diagram of a super-heterodyne transceiver for IEEE 802.11b (after [14]).

According to Shannon’s channel capacity theorem [16], channel capacity C is given by

(1)

S
C = Bl 1+ —
0g,( +N)

where B is the bandwidth, S is the total signal power, and N is the total noise power.

It is clear that the channel capacity (data rate) increases linearly with the bandwidth and



logarithmically (and hence weakly) with the signal-to-noise ratio (SNR). Thus, the large
bandwidth of a UWB system not only helps achieve high data rates, but also allows op-
eration at a significantly lower signal power than narrowband systems, with only a mi-
nor effect on channel capacity [17]. Figure 2 shows an ideal UWB transceiver architec-
ture used in an impulse-radio transceiver [18]. Many components, including frequency
synthesizers, down-conversion mixers, up-conversion mixers, image-rejection filters, and
channel-selection filters, that are used in narrowband transceivers can be eliminated from a
UWRB transceiver [18]. Signal processing tasks such as modulation, demodulation, channel
selection, and filtering that were previously performed by the RF and analog circuits in
narrowband transceivers can now be executed in the digital domain by the baseband digital
signal processing (DSP) circuits [18]. Many advantages can be achieved by using fewer
RF circuits, including reduction in the hardware, power, cost, and number of design cycles,
as well as high integration and more flexibility [18]. Also, the low RF signal power of
the UWB system further reduces the transceiver’s power consumption [1]. The ability of
a UWB communication system using modulated short pulses to operate without a carrier
signal allows a very efficient use of the signal spectrum [1], [6]. The PSD of UWB systems
is so low (lower than -41.3 dBm/MHz) that it does not cause any interference with existing
narrowband communication systems in the same frequency band. For instance, a 802.11.a
(5 GHz) system would not be affected at all by UWB signals [19]. The large bandwidth
of UWB technology can also be exploited by designing UWB radar systems to achieve
higher resolution (as resolution is inversely proportional to the signal bandwidth) than that
possible using narrowband radar operating in the same frequency band [11].

The direct implementation of the impulse-radio architecture shown in Fig. 2 for the
entire 3.1-10.6 GHz band is very difficult, mainly because of the unavailability of ultra-
high-speed ADCs. To relax the requirement on ADC operating speed, a less aggressive
version of the UWB system, namely a direct conversion UWB system utilizing orthogo-

nal frequency-division multiplexing (OFDM), has been proposed [20], [21]. The OFDM
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Figure 2: Block diagram of the impulse-radio transceiver (after [18]).

DSP

architecture evenly divides the entire UWB band into many sub-bands, each of which has
a bandwidth of 528 MHz. An example of a direct conversion UWB transceivers is shown
in Fig. 3 [21], which includes a frequency down-conversion stage for digitizing the low-
frequency sub-band signals. However, in contrast to the original architecture shown in
Fig. 2, this approach requires the addition of several mixers and frequency synthesizers,

inevitably increasing the system complexity and power consumption.

1.3 Design Challenges of UWB transceivers

From a signal and system perspective, UWB systems, especially the 3.1-10.6 GHz
systems, are a relatively new technology, and standards for these systems have not yet
been finalized, and the communication channels fully understood. Interference from the
high-power signals generated by narrowband communication systems in the UWB band
may cause UWB radio equipment to function improperly [19]. In addition, the design of
efficient, wideband matched antennas for UWB systems is challenging, and a wideband
antenna needs a constant group delay in order to operate reliably [19].

The two major components in UWB transceivers that pose significant challenges for the
integrated circuit (IC) designers are the RF front-end block and analog-to-digital converter
(ADC). In the RF front-end block, LNA is one of the more critical circuits, as it forms
the first stage of the receiver. It has to not only provide wideband impedance matching to

the antenna or external filters, but also achieve low noise, high and constant gain, and high
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Figure 3: Block diagram of a direct conversion transceiver for OFDM UWB systems (after

[21D).

linearity over the entire UWB frequency range [22]-[24]. Conventional narrowband LNAs
are composed of a cascode amplifier with inductive degeneration and base inductance and
are not adequate to simultaneously achieve all the requirements for a UWB receiver. Other
LNA topologies, such as the distributed amplifier and common base amplifier, suffer from
high noise figures. Feedback, on the other hand, is a powerful technique that can be used
to improve both impedance matching and linearity. However, it also decreases the gain,
increases the noise figure, and could lead to stability issues.

Achieving high linearity in UWB LNAs is of paramount importance. As discussed ear-
lier, strong interference from existing narrowband communication systems, whose signal
power density could be 1000 times higher than that of the UWB signals, may cause serious
problems if the LNA linearity is too low given that only limited filtering can be achieved

in a practical system [19]. The power consumption of UWB LNAs tends to be higher than



that of narrowband LNAs in the same band because of their more stringent requirements,
such as higher gain, wider bandwidth, low noise, and higher linearity, and thus does not
favor low-power operation [19].

In RF receivers, in order to relax the dynamic range requirement of the baseband ADCs,
analog signals are generally amplified by variable gain amplifiers (VGAs) before being fed
to the ADCs. However, because of the extremely large bandwidth of UWB signals, the de-
sign of the VGA becomes challenging at high frequencies [24]. In addition, OFDM systems
need a 14-band (3.1-10.6 GHz) frequency synthesizer, which can switch rapidly between
frequency bands, with less than 9.5 ns switching time available. The conventional closed
loop approach using a single phase lock loop (PLL) is not able to meet these stringent
settling time and tuning range requirements [24]-[26].

The overall performance of the UWB system (Fig. 2) depends heavily on the perfor-
mance of the ADC, which needs sufficient sampling rate, bandwidth, and resolution. For
instance, according to Nyquist-Shannon sampling theorem, to be able to directly sample
the 3-10 GHz UWRB signals, the sampling rate must be at least twice the highest signal
frequency, or 20 Gsample/s, in order to avoid aliasing [27], and the bandwidth of the ADC
must be greater than 10 GHz. Only a few high-speed ADCs can work well at full Nyquist
speed, i.e., with a sampling rate two times that of the input frequency, but in practice, an
ADC'’s sampling rate should be at least four times the highest signal frequency for reliable
digitization. Therefore, to directly digitize the entire 3—10 GHz UWB band, a 40 Gsample/s
ADC with at least 10 GHz bandwidth is required. Unfortunately, the difficulties associated
with designing such a high-speed ADC, even for low resolution, are so formidable that
a direct implementation of Fig. 2 for the entire 3-10 GHz band (not to mention for 22-29
GHz band) is widely considered impossible in CMOS and not power efficient in other tech-
nologies [31]. Some of the world’s fastest ADCs reported in [28]-[30] operate at the limits
of the technologies they are realized in and all have very high power consumptions of sev-

eral watts. For the less aggressive version of UWB systems, namely the direct conversion



architecture, the sampling rate of the ADC must still be faster than 528 Msample/s in order
to sample a 528 MHz sub-band, which remains a serious challenge for low-power UWB
systems.

The receiver path in Fig. 2 is also often referred to as software-defined-radio (SDR), a
concept for a far more powerful radio system that can theoretically receive and demodulate
any signal falling within the receiver bandwidth, irrespective of whether it is a narrowband
or wideband signal. SDR has even more stringent requirements for the ADC. Besides a
high speed, the ADC now also needs a higher dynamic range or higher resolution than
that needed in a standard UWB system in order to capture some weak narrowband RF
signals in the presence of undesired strong in-band signals [31]. Thus, it is clear that the
ADC plays an extremely important role in UWB system design. In fact, not only will
the UWB system benefit from an improved ADC, but a faster ADC will also be useful
in conventional narrowband systems, thus permitting the ADC to be pushed closer to the
antenna, and reducing power and hardware requirements. Many high-end measurement
instruments, for example ultra-wideband digital oscilloscopes, also require high-sampling

rate, high-resolution ADC:s.

1.4 SiGe HBT / BiCMOS Technology

Bandgap-engineered SiGe HBTs are of increasing interest for wireless communication
IC applications [32] because of their remarkable transistor-level performance combined
with their ability to simultaneously maintain strict compatibility with conventional low-
cost, high-integration, and high-volume Si CMOS manufacturing [33]. SiGe HBT tech-
nologies with 50 GHz (first-generation) [34] and 120 GHz (second-generation) [35] peak
cutoff frequency are currently in commercial production worldwide from multiple sources,
and are being deployed in both the commercial and defense sectors.

The recent announcement of a third-generation SiGe HBT technology with 200 GHz

peak cutoff frequency [36]-[37], and a fourth-generation SiGe HBT technology with over



300 GHz peak cutoff frequency [38]-[39], along with the complementary (npn and pnp)
SiGe HBTs with peak f7 values above 180 GHz and 80 GHz, respectively [40], has pushed
the upper bound on the speeds achievable in these devices considerably higher than previ-
ously believed possible, thus vastly increasing the application options for SiGe HBT tech-
nology to encompass a wide variety of analog and RF through millimeter-wave systems
[41].

While it might be argued that a peak cutoff frequency in excess of 200 GHz is not
needed to support most IC applications, which are currently clustered in the 1-40 GHz
range, such extreme levels of performance create a much broader circuit design space,
where, for instance, a designer has the option to trade frequency response for dramatic
reductions in power consumption (10x reduction in bias current in the third-generation
devices over second-generation technology for similar operating speeds), as indicated in
Fig. 4. Third-generation SiGe HBTs are in fact quite competitive now with the best-of-
breed commercial InP HBTs, and out-perform these devices when thermal effects are also

considered [33].

Table 3: Key Specifications of SiGe BICMOS Technologies Used in this Research.

SiGe Technology 7HP [35] 8HP [36] sg25c¢ [37] sg25h2 [40]

Company IBM IBM IHP IHP
HBT npn npn npn npn/pnp
fr (GHz) 120 200 190 170/90
Smax (GHZ) 100 280 190 170/120
BVcgo (V) 1.8 1.7 1.7 1.9/3.1
Wgerr (um) 0.18 0.13 0.25 0.25/0.25
CMOS L, (yum) 0.14 0.092 0.25 0.25
CMOS Supply (V) 1.8 1.3 2.5 2.5

1.5 Organization of Dissertation

Chapter II (also published in [59]) presents the design and implementation of SiGe

LNAs for use in UWB systems. The use of a shunt base-emitter capacitor and weak shunt
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Figure 4: Measured fr as a function of bias current for three SiGe technology generations.

resistive feedback in a cascode amplifier with inductive degeneration significantly improves
the input bandwidth of the LNA, and simultaneously allows a very low noise figure to be
achieved. LNA 1 and 2 were fabricated using a commercially-available 0.18 ym 120 GHz
SiGe HBT BiCMOS process technology. LNA 1 occupies an area of 0.80 x 0.90 mm?,
exhibits a noise figure (NF) of 1.8-3.1 dB, and attains a maximum gain of 20.3 dB across
3.0-10.0 GHz. LNA 2 occupies an area of 0.94 x 0.96 mm?, exhibits an NF of 1.61-2.38
dB, and attains a maximum gain of 20.6 dB across 3.0-10.0 GHz. Both LNAs operate off
a 3.3 V supply with a total power consumption of 26 mW. LNA 3 was fabricated in a 0.13
um 200 GHz SiGe HBT BiCMOS process technology. It occupies an area of 0.86 x 0.95
mm?, exhibits an NF of 1.17-1.75 dB (simulated), and attains a maximum gain of 23.3 dB
across 3.0-10.0 GHz. LNA 3 operates off a 3.3 V supply with a total power consumption
of 32 mW.
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Chapter III (also published in [72]) presents the design and implementation of an ultra-
high-speed SiGe BiCMOS track-and-hold amplifier (THA) for use in high-speed analog-
to-digital converters. The use of a degeneration inductor in the input buffer was found
to significantly improve the performance of the THA. The THA was fabricated using a
commercially-available 0.25 ym 200 GHz SiGe HBT BiCMOS process technology. The
circuit occupies an area of 1.0x 1.2 mm?, and exhibits -49.5 dBc of total harmonic distortion
(THD) when operated at a sampling frequency of 12.5 GHz with an input frequency of 3.0
GHz. Operating from a 3.5 V supply, the total power consumption is 0.7 W.

Chapter IV (also published in [79]) presents the first demonstration of a continuous-
time, fifth-order, elliptic, g,-C low-pass active filter in 0.25 ym complementary (npn +
pnp) silicon-germanium (C-SiGe) HBT technology. This C-SiGe technology features npn
SiGe HBTs with peak fr and f,.. of 170 GHz and 170 GHz, respectively, as well as pnp
SiGe HBTs having f7 and f,,,, of 90 GHz and 120 GHz, respectively. This C-SiGe active
filter was implemented with Voorman transconductors [73] to fully exploit the comple-
mentary high-speed npn and pnp SiGe HBTs. The circuit occupies an area of 0.90 x 0.91
mm?, and exhibits a filter cut-off frequency of 4.1 GHz. This C-SiGe g,,-C filter achieves
a record continuous tuning range between 70 MHz and 4.1 GHz, attains an output noise
power spectrum density (PSD) of -143 dBm/Hz, and operates off a 3.5 V supply, with a
total power consumption of 100 mW at the maximum bandwidth of 4.1 GHz.

Chapter V (also published in [84]) presents results for the impact of proton irradiation
on the dc and ac characteristics of third-generation, 0.12 ym 185 GHz SiGe HBTs. Com-
parisons with prior technology generations are used to assess how the structural changes
needed to enhance performance between second- and third-generation technology affect the
observed proton response. The results demonstrate that SiGe HBT technologies can suc-
cessfully maintain their Mrad-level total dose hardness without intentional hardening, even
when vertically-scaled in order to achieve unprecedented levels of transistor performance.

Chapter VI concludes the dissertation with a discussion of possible future research
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directions.
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CHAPTER 11

UWB LOW NOISE AMPLIFIER

2.1 Introduction

The low-noise amplifier (LNA) is a critical building block in UWB radios and is one of
the most difficult components to realize because it must simultaneously achieve both broad
impedance matching and low noise performance.

Distributed amplifiers can achieve the widest bandwidth, but their noise figures (NF)
are typically very high [42]-[44]. The same problem exists in common-base input LNAs
[45] and conventional shunt resistive feedback LNAs [46], [47]. Cascode LNAs with in-
ductive degeneration, on the other hand, achieve the lowest noise figure compared to other
architectures. However, they can only be matched to 50 Q over a narrowband [50]-[52]. In
previous research, an on-chip LC-ladder filter has been employed at the input of the LNA
to broaden the bandwidth [22], [23]. However, this technique has several disadvantages, in-
cluding enlarged chip size, increased circuit complexity, and enhanced noise figure, mainly
due to the extra noise contributed by the lossy inductors present in the LC-filter network.
Another way to broaden the bandwidth of a reactively matched LNA is to use weak resis-
tive feedback between the input and the output [53]. In this case, however, matching the
input to 50 Q over the entire 3-10 GHz bandwidth is still a serious challenge.

The UWB LNA designs reported in the present work are implemented in IBM’s second-
generation (7HP) and third-generation (8HP) SiGe HBT BiCMOS technologies. 7HP is a
commercially available SiGe technology platform featuring 180 nm lithography, 120/100
GHz (fr / fmax), and 1.8 V BV, and is integrated with aggressively scaled 0.11 ym
L.sr, 1.8 V S1 CMOS. This SiGe technology features shallow- and deep-trench isolation,

along with a thermodynamically stable, 25% peak Ge content, graded UHV/CVD epitaxial
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SiGe base [35]. Figure 5 shows the cross-section of the 7HP SiGe HBT.

8HP features 130 nm lithography, 200/280 GHz (f7 / fumax), and 1.7 V BV¢go, and is
provided with 0.09 ym L.sr, 1.3 V Si CMOS. 8HP technology employs a novel, reduced
thermal cycle, "raised extrinsic base" structure, and utilizes conventional deep and shallow
trench isolation, an in-situ doped polysilicon emitter, and an unconditionally stable, 25%
peak Ge, C-doped, graded UHV/CVD epitaxial SiGe base [36].

Both technologies come with a full suite of passive elements and seven levels of metal-
lization.

In this chapter, the design and demonstration of LNAs for use in UWB systems is pre-
sented. Section 2.2 and Section 2.3 review noise theory and BJT noise model, respectively.
Section 2.4, and Section 2.5 review the narrow band LNA and the resistive feedback LNA,
respectively. Details of LNA 1 are described in Section 2.6. Measurement results of LNA1
are presented in Section 2.7. Details of LNA 2 and LNA 3 are described in Section 2.8.
Measurement results of LNA 2 and LNA 3 are presented in Section 2.9 and Section 2.10,

respectively. This work is also published as [59].

Emitter

N & . _
Shallow Trench -SiGe- Oxide

Deep Trench

P Substrate

+

o

Figure 5: Schematic cross-section of the 7HP SiGe HBT.
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2.2 Noise Factor of a Linear Two-Port Network

A noisy amplifier can be modeled as a noiseless amplifier with a noise voltage source
(v,) and a noise current source (i,) at the input [48], as shown in Fig. 6. The noise factor is

given as [48]

—Q —o0
Vn
Noiseless

in network

o —O

Figure 6: Two-port network with input-referred noise voltage source and current source.

in+ v, X))@y +v, Y]
F o= 142 )E ) 2)
lns
24 2R>UVEYS) +viY?
= 1+ 5 , 3)

ins

where Y is the source admittance made out of a real part of G, and an imaginary part of B;

(48]
Y, =G+ B, 4)
i2. is the mean-square value of the source noise current and is given by [48]
i = 4kTG,, (5)

where k is the Boltzmann constant and 7" the absolute temperature. The correlation admit-
tance Y, is defined as [48]

Vi
5 = G+ JB.. (6)

Vn

Y, =

The noise resistance R, and conductance G, can be defined as [48]

2

v
R, = ——, 7
4kT )
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The noise factor can be written as [48]

24 2v2R(Y.Y) + v2Y?
+
.2
lns
G,+2R,R(Y.Y")+ R,Y?
1+ G )

F =

(8)

)

(10)

The minimum noise factor is achieved when the following conditions are satisfied [48]:

OF

=0,
oG,
oF

=0,
0B;

solving for optimum source admittance Y, ,,; and impedance Z; ,, [48]

Bs,opt =—-B.
G,
Gs,opt = F - Bc2

sz,opt = Gs,opt + st,opt;

Zs,opt = Rs,opt + sz,opt = I/Ys,opt,

Gs,opt
Rs,opt == 5
Gs,apt + Bs,opt
X _ Bs,opt
s,opt — _ﬁ'
Gs,opt + Bs,opt

Thus, the minimum noise factor is [48]
Fin = I+ 2Rn(Gc + Gs,opt)-

The noise factor can be re-written as [48]

_ Rn 2 2
F = Fmim + E[(Gs - Gs,opt) + (Bs - Bs,opt) ]

N
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(15)
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2.3 BJT Noise Model

The noise model for the bipolar transistor is shown in Fig. 7 [33]. The mean-square

values of input-referred noise voltage and current of the bipolar transistor are [33]

b CH
1 o
4kTry,
2qls ;:Cngrn amVz @ 2qlc
(o O

Figure 7: Noise model of the bipolar transistor.

2q1
v2 = 22C 4 4k,
g
2 2q1cY,
in = 2QIB + ’
&m

21)

(22)

where 2qlp and 2qlc are the base and collector shot noise, respectively; 4kT'r, is the

thermal noise because of the base resistance; Y;,, the input admittance of the transistor, is

given as [33]

1
Yin = — + joC,.

V1

Thus, R,, G, Y., G. and B, can be calculated as [33]

v2

R, = -
4kT

20c 4 4kTr,
4KT

1+
= — 47,
28m "

4kT
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2qIcY;
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8m

4kT
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Vi
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Vn

2q1 .
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2lc 4 AKTr,
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wC,
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c

G opt> B opts Rsopts Xs,0pt» and Fy;, can also be calculated [33]

G,
r = - - Bc2
Gs op
’ R
n
gngl | 1 | @’CE wC
om (- + — + 4
_ 25 g ) _ &n
- 1 1
=t =+ 2r
2gm + b 8&m + b
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&m
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— + 27‘b
8&m
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em 1, 1, 02Cx c
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Bs,opt

Xsop = ——5——5— (40)
Gsz,opt + Bg,opt
©Cr
g+n+2r‘b (41)
e ) ’
2g;m+rh

Fmin = 1+ 2Rn(Gc + Gs,opt) (42)

Smel . 1, 0*Ci e

1 11 AR
= 142G—+r)l-— + Lo () 43)

2gm ﬁg—m+2rb E+rb g—m+2l"b

By scaling the device size and adding reactive components, noise matching can be achieved

[33]
Zs,opt = Rs,opt + sz,opt = Z,. (44)

The design of LNA with simultaneous impedance and noise matching will be discussed in

the next section [51].

2.4 Narrow Band LNA

From the previous section, for a given collector current density, the minimum noise

factor can be achieved if
Z; = Zs,opt- (45)

In most RF systems, Z,=50 Q. Thus, in order to achieve noise matching and power match-
ing, both input impedance and optimum noise source impedance should be 50Q. In [51], an
elegant solution that achieves simultaneous impedance and noise matching has been given.
An optimum current density, which gives the lowest minimum noise figure can first be cho-
sen based on the device minimum noise figure vs. the current density curve [51], which is
available from the device model for a given process technology. By changing the emitter

length of the device, R;,, of 50 Q can be realized, thus also determining the device size
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Figure 8: Common emitter amplifier with emitter and base inductors.

and bias current [51]. Then a degeneration inductance (Lg) and a base inductance (Lp)
can be added (Fig. 8) [51].

The impedance looking into the input of LNA is given by [51]

Em
joC, T e, (6)

Zin = jo(Lg + L) +
where Lg is the emitter degeneration inductance, Lp is the base series inductance, C, is
the base-emitter capacitance of O, and g, is the transconductance. The real part of the

input impedance is equal to 50€2 [51]

&m
=—Lg =50Q, 47
c Lr 47)
solving for Lg [51]
C,50Q
8m

The value of Lp is chosen so that the circuit resonances at the center frequency w [51]. The

imaginary part of the input impedance is equal to 0 [51]

Jo(Lg+ Lp) + - =0, (49)
JjoCy
solving for Lp [51]
1
Lp o’C, — Lg. (50)



Simultaneous impedance and noise matching has now been achieved [51]. This technique
can be directly appled into cascode topology, as shown in Fig. 9. The cascode LNA has
been widely used because of its higher gain, better isolation, and with only slightly higher

noise figure compared to a simple common-emitter amplifier. However, this method only

Rs

AC

Figure 9: Schematic of the cascode LNA with inductive degeneration.

takes into account the noise and impedance matching. Other important specifications of the
LNA, especially its linearity, power consumption and bandwidth also need to be addressed
in order to suit different applications. For UWB applications, special techniques need to be

adopted to widen the input bandwidth.
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2.5 Resistive Feedback LNA

Adding a shunt 50 Q resistor at the input is the simplest way to achieve wideband

impedance matching to 50 Q. However, the 3 dB noise figure increasement added by this

resistor is unacceptable for LNA in most applications [49]. Shunt-shunt feedback (Fig. 10)

is generally preferred as it combines wideband impedance matching with a reasonably low

noise figure [49].
Pat

RL

=
N

Figure 10: Schematic of the LNA with shunt-shunt feedback.

v, RsR, RsR;
a=—==—8n ,
i, S"R,+R,R;+R;
v, 1
f= W CTR
The loop gain (T') is
R, R/R
T=af =gn L
R;+ R, Ry + R,
R/R,
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The input impedance of the basic amplifier is

RsR,
Zig=5—7p, (35)
R;+ R,
Taking into account feedback, the input impedance becomes [49]
R/R,
Zia 2
Zu= = R-:R s (56)
1 + gm Rf+”R,, Rf+RL
assuming 7" >> 1
Z; R;+ R
Zi Ny (57)

“1+T7 " “g.R,
An emitter follower buffer can also be added to to the feedback loop, as shown in Fig. 11

[49]. The input impedance of the amplifier becomes [49]

_ R
Zu= . (58)
L PaN
RL
b~
,Qz
—o0
o
f
a1l ®
Zin
-

Figure 11: Schematic of the LNA with shunt-shunt feedback and emitter follower.

2.6 UWBLNA 1

A conventional narrow-band cascode LNA with inductive degeneration is shown in

Fig. 9. The expression for its input bandwidth as a function of the quality factor (Q;,) of
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the input network is [25]

o
BW, = —, (59)
Qin
where wy, the center frequency, is given by
1
Wy = ; (60)
VCi(Lp+ Lp)
and Q;, is given by [25]
(Lp+LE)
Cr 1
Oin = = (61)

mL - WL ’
gc_”E + Rs Cﬂ:wO(gC_ﬂE + Rs)

where Ry is the source resistance.

L.
-
—Cs R,
Vi
o Q2
Cs
Rs Ry
Q1
Le
AC Le
Zin

Figure 12: Schematic of the broadband LNA with weak resistive feedback.

Typically, in a cascode LNA, Q;, is high and the bandwidth is very narrow [25]. To
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broaden the bandwidth, a large resistor (R ) is added between the base of the input transis-

tor and the cascode output (Fig. 12). Q;, then becomes [53]

1

gnle (@oLp)?y’
C,ra)o(c—” + RS + R—f)

Qi ~ (62)

Observe that this is not a conventional resistive feedback LNA because the resistor does
not directly provide the 50 Q impedance match. Instead, it uses a much larger resistor that
broadens the input bandwidth of the LNA by decreasing the Q;, of the network, while caus-
ing only a marginal degradation in the noise performance [53]. However, the bandwidth
covering the 3-5 GHz range obtained in [53] is still insufficient to cover the 3-10 GHz range
required for UWB applications.

Assuming @, and Rj are fixed in the input impedance expression for the original input
network (61), the parameters that can be tweaked to obtain the desired wideband response
are Lg, g, and C,. Lg must be very small in order to achieve high gain and low noise and
hence offers little room for adjustment. The effective value of C, (base-emitter capacitance)
can, however, be increased by adding a shunt capacitor C,, between the base and emitter of
the input transistor (Fig. 13).

The effective base-emitter capacitance (C,ss) is now given by
Cory = Cr+ Co. (63)

This increase in effective base-emitter capacitance causes the Q;, of the input network to
decrease. In addition, the transconductance (g,,) needs to be increased so that g,,Lg/C, s+

ry s still matched to 50 Q. Q;, for this modified network is now given by

1
O = (64)

mL ’
Cerrmo gce/.f + R;)

The expression for @, can be modified as follows to include C, .

1
\/Ceff(LB + LE)’

Contrary to the initial assumption that wy is fixed, (65) suggests that w, decreases as C,y s

(65)

o
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Figure 13: Schematic of the broadband LNA with shunt base-emitter capacitor.

increases. However, the shift in center frequency caused by the increase in C,ss can be
offset by decreasing L. This suggests that the Lp required is much smaller than that used
in a traditional narrow-band LNA. For the present design, an Lg of 300 pH was chosen
compared to a 1 nH or larger L required in a conventional narrow-band LNA. In addition,
a smaller Lp can help reduce the noise figure by introducing a smaller series resistance at
the input of the LNA.

It is well known that an increased base-emitter capacitance (decreased fr) degrades the
gain and noise figure at high frequencies. However, if the value of this extra capacitance
is carefully chosen, the degradation in performance over the frequency band of interest can
be minimized.

Similar techniques can be found in [55] and [22]. The LNA presented in [55] achieves

multi-band matching centered at frequencies of 2.45 GHz and 5.25 GHz, whereas that
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Figure 14: Schematic of the present SiGe UWB LNA with weak resistive feedback and
shunt base-emitter capacitor.

described in [22], relies primarily on an LC filter at the input to achieve an input match.
These designs, however, are not adequate to achieve matching over the entire 3-10 GHz
UWRB range without a filter.

It is clear from the preceding analysis that the bandwidth of the LNA (e 1/Q;,) is very
sensitive to the base-emitter capacitance and the feedback resistance. In contrast, the other
electrical parameters such as gain, noise, isolation, input impedance, and linearity are not
very sensitive to C,, and Ry. Thus, a broadband input match can be achieved by using a
very small C,, and a very large R, with only a minimal effect on the other parameters.

The LNA realized in the present work incorporates both a shunt base-emitter capaci-
tance and weak resistive feedback in a cascode architecture with inductive degeneration, as
shown in Fig. 14. The load inductor L; widens the bandwidth at high frequency by caus-

ing inductive peaking, which offsets the gain roll-off introduced by a capacitive load. The
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output buffer is a simple emitter-follower, providing broadband 50  match at the output.

EREEN
&

=

Figure 15: Die micrograph of the SiGe UWB LNA 1.

2.7 Measurement Results of LNA 1

The LNA 1 was implemented in a commercially available 0.18 ym 120 GHz SiGe HBT
BiCMOS technology [35] and occupies a total area of 0.8x0.9 mm?, including the probe
pads. The chip micrograph is shown in Fig. 15. The base and emitter inductors (Lg and Lg,
respectively), both of which are very small, can be best implemented using line inductors,
which have higher O and lower parasitic resistance compared to spiral inductors. The load
inductor L, is a spiral inductor. The output is connected to the probe pad through a side-
shielded 50 € micro-strip transmission line. The LNA was tested on-wafer using 50 GHz
probes and cables.

The LNA 1 operates off a 3.3 V power supply and has 7.8 mA of bias current flow-
ing through the core circuit. Figure 16 shows its two-port measured S-parameters from

0.1 GHz to 20 GHz. The measured values S7; and .S, are lower than -7.2 dB across the
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Figure 16: Measured S-parameters of the SiGe UWB LNA 1.

frequency band of 3—10 GHz, which is higher than the -12 dB and -16 dB, respectively,
predicted by simulations. The S,; displays a maximum gain of 20.3 dB and shows a vari-
ation of 3.5 dB over the band of interest. The reverse isolation S, is lower than -37 dB.
Figure 17 shows the measured and simulated noise figures across the frequency range. The
measured minimum NF is 1.8 dB at 3.0 GHz compared to 1.38 dB in the simulation. At
high frequencies the measured NF reaches as high as 3.1 dB at 10.0 GHz, compared to
the 2.03 dB in the simulation. The achieved noise figure is better than that of other UWB
LNAs published in the literature and is in fact comparable to a well-designed narrow-band
LNA. The key to achieving both low noise and wide bandwidth lies in the simultaneous
use of shunt base-emitter capacitance and shunt-resistive feedback in a cascode LNA with
inductive degeneration.

Figure 18 shows the linearity data for the LNA 1. The third-order input intercept point

(ITP3) is 2.1 dBm for a two-tone input signal containing 6.00 GHz and 6.02 GHz frequency
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Figure 17: Measured and simulated noise figure of the SiGe UWB LNA 1.

components, and the 1-dB compression point (Pyyp) is -12.5 dBm for a 6.0 GHz input
signal. The measurement and simulation results of the UWB LNA 1 are summarized in

Table 4.

2.8 UWBLNA 2 and 3

The LNA 1 data revealed significant differences between the simulation results and the
measured results, with measured results showing worse return losses, lower gain, and a
higher noise figure, but better linearity than those simulated. The parasitic inductance at
the ground of the degeneration inductor (L g) appears to be responsible these discrepancies.
To address this problem, in the LNA 2 and LNA3 design, a better ground was achieved by
using all seven metal layers in parallel and as many substrate contacts as possible between

the ground pads and the Lg. Also, the parasitic inductance at the base of the common-base
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Figure 18: Measured IIP3 of the SiGe UWB LNA 1.

Table 4: Summary of the SiGe UWB LNA 1 Characteristics.

Measured | Simulated
Bandwidth 0.1-13.6 GHz 0.1-13.7 GHz
N Foin- N Fpax 1.8-3.1dB 1.38-2.03 dB
Gaing, - Gainygy 16.8 -20.3 dB 19.7-21.8dB
Sh <-7.2dB <-12.2dB
S <-7.4dB <-16dB
S <-37dB <-48.3dB
[IP3(at 6 GHz) 2.1 dBm -4 dBm
P,,5(at 6 GHz) -12.5 dBm -14.6 dBm
Power supply 33V 33V
Power consumption 26 mW 26 mW
(without output buffer)
Die size 0.80 x 0.90 mm? | 0.80 x 0.90 mm?

transistor (non-ideal ground) may have degraded the S-parameters. A by-pass capacitor

was therefore used to achieve a better ground, but the return path to ground may still in-

troduce non-negligible parasitic inductance. Similar methods that incorporated the use of
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wider and multiple layer of metals have also been used to alleviate this problem. Instead
of using a parallel capacitor Cy, between the base and emitter, the new design simply uses
a very large transistor size to increase the Cgg. The larger transistor also has a smaller r,
and thus a lower noise figure. LNA 2 was implemented in 7HP technology, as with the
LNA 1, but LNA 3 was implemented in 8HP technology, which features 130 nm lithogra-
phy, 200/280 GHz (fr / fmax), and 1.7 V BVcgo [36]. Therefore, a lower noise figure is
expected from LNA 3.

Figure 19: Die micrograph of the SiGe UWB LNA 2.

2.9 Measurement Results of UWB LNA 2

The chip micrograph of LNA 2 is shown in Fig. 19. This LNA operates off a 3.3 V
power supply and has 7.95 mA of bias current flowing through its core circuit.
Figures 20- 23 show the two-port measured S-parameters from 1.0 GHz to 15.0 GHz.

The measured .S, and .S,, are lower than -13.4 dB and -8.7 dB, respectively, across the
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Figure 20: Measured .S}, of the SiGe UWB LNA 2.
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Figure 21: Measured .S,, of the SiGe UWB LNA 2.
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Figure 22: Measured .S}, of the SiGe UWB LNA 2.

frequency band of 3-10 GHz, compared with the -12.7 dB and -21.9 dB, respectively, pre-
dicted by simulations. The S»; displays a maximum gain of 20.0 dB and shows a variation
of 1.1 dB over the band of interest. The reverse isolation .S, is lower than -33 dB. Figure 24
shows the measured and simulated noise figures across the frequency range. The measured
minimum NF is 1.61 dB, compared to 1.46 dB in the simulation. At high frequencies the
measured NF reached as high as 2.38 dB, compared to 2.32 dB in the simulation. The
achieved noise figure is better than that of LNA 1 because of the improvements discussed
in the previous section.

Figure 25 shows the linearity data for the LNA 2. The third-order input intercept point
(ITP3) is -4.0 dBm for a two-tone input signal containing 6.00 GHz and 6.02 GHz frequency

components.
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Figure 23: Measured .S,; of the SiGe UWB LNA 2.

Table 5: Summary of the SiGe UWB LNA 2 Characteristics.

Measured | Simulated
Bandwidth 0.1-11.2 GHz 0.1-11.6 GHz
N Fyin- N Fx 1.61 -2.38dB 1.46 -2.32dB
Gaing, - GaiRygy 18.9-20.0dB 19.0-20.6 dB
S <-13.4dB <-12.7dB
S <-8.7dB <-21.9dB
S <-33dB <-52.4dB
ITP3(at 6 GHz) -4 dBm -6.5 dBm
Power supply 33V 33V
Power consumption 26.2 mW 26.2 mW
(without output buffer)
Die size 0.96 x 0.94 mm? | 0.96 x 0.94 mm?

2.10 Measurement Results of UWB LNA 3

The chip micrograph of LNA 3 is shown in Figure 26. This LNA operates off a 3.3 V

power supply and has 9.7 mA of bias current flowing through its core circuit.

Figures 27- 30 show the two-port measured S-parameters from 1.0 GHz to 15.0 GHz.

36



=
o

@
o
|
&

@)
O
O
I
\
O
4
¥
<>
>

o
S
<0
?) \
<
102
<>
X
P
>
P
<>
<Q
<>
10,
X9

O measured |
¢ simulated

—h
o
|

Noise Figure (dB)
N

O-O I | I | I | I | I | I | I | I
3.0 40 50 6.0 7.0 80 9.0 10.0 11.0

Frequency (GHz)

Figure 24: Measured and simulated noise figure of the SiGe UWB LNA 2.

The measured S;; and S, are lower than -12.6 dB and -16.6 dB, respectively, across the
frequency band of 3-10 GHz, compared with the -12.8 dB and -29.2 dB, respectively, pre-
dicted by simulations. The .S,; displays a maximum gain of 23.6 dB with a variation of 2.9
dB over the band of interest. The reverse isolation .S, is lower than -58 dB. Fig. 31 shows
the measured and simulated noise figures across the frequency range. The measured mini-
mum NF is 1.17 dB, compared to 0.96 dB predicted by the simulation. At high frequencies
the measured NF reached as high as 1.75 dB, compared to 1.39 dB in the simulation. The
achieved noise figure is again better than that of LNA 1 or LNA 2 because of the improve-
ments discussed in the previous section and the more advanced process technology.
Figure 32 shows the linearity data of the LNA 3. The third-order input intercept point
(ITP3) is -3.6 dBm for a two-tone input signal containing 6.00 GHz and 6.02 GHz frequency

components.
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Figure 25: Measured IIP3 of the SiGe UWB LNA 2.

Figure 26: Die micrograph of the SiGe UWB LNA 3.
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Figure 27: Measured .S}, of the SiGe UWB LNA 3.
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Figure 28: Measured .S,, of the SiGe UWB LNA 3.
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Figure 30: Measured .S,; of the SiGe UWB LNA 3.
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Figure 31: Measured and simulated noise figure of the SiGe UWB LNA 3.

The measurement and simulation results for the UWB LNA 3 are summarized in Ta-

ble 6.

Table 6: Summary of the SiGe UWB LNA 3 Characteristics.

Measured \ Simulated
Bandwidth 0.1-14.2 GHz 0.1-16.3 GHz
NF,,- NF,,. 1.17-1.75dB 0.96 - 1.39dB
Gaing, - Gaing,,, 20.7 -23.6 dB 21.6-23.3dB
S <-12.6dB <-12.8 dB
S <-16.6 dB <-29.2dB
S <-58 dB <-51.0dB
11P3(at 6 GHz) -3.6 dBm -7.5 dBm
Power supply 33V 33V
Power consumption 32 mW 32 mW
(without output buffer)
Die size 0.86 x 0.95 mm? | 0.86 x 0.95 mm?
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Figure 32: Measured IIP3 of the SiGe UWB LNA 3.

Table 7 draws a comparison between the characteristics of the three UWB LNAs re-
ported in this work and those of other published Si/SiGe UWB LNAs. Based on this
comparison, the proposed UWB LNAs have the lowest noise figure achieved to date in

Si technology.

2.11 Summary

High-performance wideband SiGe HBT LNAs for use in UWB systems have been pre-
sented here. The use of increased base-emitter capacitance and weak shunt resistive feed-
back in a cascode amplifier with inductive degeneration significantly improves the band-
width of the LNA, and simultaneously achieves a very low noise figure. Design strategies
for this UWB LNA and comparisons to other topologies have been discussed. The proposed
UWB LNAs have the best wideband noise performance of all reported other state-of-the-art

UWB LNAs, exhibiting the lowest noise figures across the entire 3-10 GHz bandwidth.
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CHAPTER III

TRACK-AND-HOLD AMPLIFIER

3.1 Introduction

The demand for high-speed and high-resolution analog-to-digital converters (ADC)
is driven by the continuing evolution of wireless communications systems. With the in-
crease in the performance of DSP circuits, numerous advantages can be achieved by digi-
tizing RF analog signals early-on in the transceiver path [18]. Substantial cost savings and
power reductions can then be realized as more functions are processed in the digital do-
main [18]. Thus, high-speed ADCs that also possess high resolution are essential to enable
this paradigm-shift in design methodology [18]. The track-and-hold amplifier (THA) is a
crucial circuit block in ADCs and is usually a bottleneck of in high-performance ADCs
because the errors introduced by the THA cannot be corrected by subsequent stages [63].

The design of a track-and-hold amplifier is challenging because it is necessary to con-
sider sampling rate, bandwidth, linearity, noise, droop rate, hold-mode feed-through, volt-
age swing, power supply voltage, and power consumption. Obviously, the highest per-
formance for all of these targets cannot be achieved simultaneously. For instance, a wide
bandwidth requires small hold capacitance and high current; a low droop rate requires a
large hold capacitor; high linearity requires a small hold capacitor, while a low kT/C noise
requires a large hold capacitor; a high slew rate requires a small hold capacitor and high
current. Clearly many of these requirements work against each other and trade-offs have
to be made to achieve the highest possible performance for a given ADC application. This
chapter reports the design of an 8-bit THA with the highest possible sampling rate and
bandwidth that operates off a reasonably low power supply voltage for SDR and UWB

applications.
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To achieve high-speed operation, an open-loop architecture is preferred over a closed-
loop architecture because the latter has a global feedback that will inevitably decrease the
speed in order to meet the stability and settling requirements [63]. One popular open-
loop THA architecture employs a (bipolar-based) switched-emitter-follower (SEF) that can
operate at very high speeds while maintaining good linearity because of the high g, high
fr, low leakage, and good matching properties of bipolar transistors compared with their
CMOS counterparts. In this research, the design and implementation of an ultra-high-speed
(> 12 GSample/sec) THA using SEF is presented. This THA was fabricated in the 0.25 ym
200 GHz SiGe HBT BiCMOS process technology from IHP. Figure 33 shows a schematic

cross-section of the npn SiGe HBT.

Base Emitter Collecfor

I

R

)

(LT

Highly Doped Collector

Figure 33: Schematic cross-section of the 200 GHz npn SiGe HBT.

A key feature of this SiGe HBT technology is the formation of the entire HBT structure
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in a single active area with no shallow trench isolation between the active emitter and the
collector contact region. This provides both low-capacitance isolation from the substrate
and low collector resistances [37]. The current THA design makes use of six different ge-
ometrical variations of the SiGe HBT, ranging from the minimum emitter size (0.21x0.84
um?) to eight times the minimum emitter size. The following transistor parameters have
been determined on an array of four minimum emitter size SiGe HBTs, from the same
individual wafer that the THA test chips have been fabricated: peak fr=190 GHz, peak
Smax=190 GHz (with Vcg=1.5 V); and BVcgo = 2.0 V. The fr and f,.., are extrapolated
from h,; and unilateral gain (U), respectively, at 30 GHz using a -20 dB/decade slope
at room temperature. In addition to SiGe HBTs, ASIC-compatible 2.5 V CMOS devices
and a full suite of passives (including metal-insulator-metal (MIM) capacitors, polysilicon
resistors, and spiral inductors) are also available.

In this chapter, the design and demonstration of an ultra-high-speed THA is presented.
Section 3.2 and Section 3.3 review Volrenkamp THA and Fiocchi THA, respectively. De-
tails of improved Fiocchi THA are described in Section 3.4. Measurement results are pre-

sented in Section 3.5, followed by a summary. This work is also published as [72].

3.2 Volrenkamp THA

In a THA, the input buffer is one of the most important sub-blocks because it di-
rectly affects the overall performance of the THA. In [65], an input buffer with an emitter-
degenerated differential pair and a resistor in series with a diode-connected BJT as the load,
was used to improve the linearity Fig. 34.

The large-signal relationships between the input voltage and the current in the input

transistor pair are given by [65]

Vi al 2+ 1,,

— =VrIn——+ IR, 66
5 T In ol /2 + Loy Xy (66)
I/in aI/z_Iout

—=VyIn—— - IR, 67
) Tin aI/2 AN (67)
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Figure 34: Schematic of the Vorenkamp THA (after [65]).
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1+ p

ouT1

(68)

where [ is the tail current; V, is the input voltage; where I is the output current; f is the

current gain and Vr is the thermal voltage (kT'/q), solving for V;, [65]

Vin

At the output, the load is a resistor in series with a diode [65]

Hence [65]

If R] :R2

VT In

I/out al/2+Iout
—=Vrin——+ [,,R,,
2 T Ty Tt
I/in aI/Z_Iout
-—=Vrin——— - I,,R,,
2 T al /2 o
al /2 + 1,,
Vour = Vrln ———— 4+ 21,,R>.
t TnaI/Z—Iom IRAY)
Vin = Vour.
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Thus the input buffer has a linear transfer function [65]. However, in a practical circuit
mismatches and device second-order effects, eg., Early effects, and parasitic capacitance,
will introduce distortions [65].

The hold-mode feedthrough is given by [65]

Che C
= -5, (75)
Chotd + Che,05 Che,05

Afeedthrough =

where Cp, o5 1s the base-emitter capacitance of Q5; Cj, 18 the hold capacitor; Cpp is
the feed-forward capacitor. If Crr = Cie 05, Afeedthrougn = 0 [65]. Figure 35 shows the

implementation of Cpp.

VARAN

IN1 IN2

NS

Figure 35: Schematics of the feed-forward capacitor Crp (after [65]).

This architecture, however, requires a rather high power supply voltage due to the dc
voltage drop across the diode and resistor [66]. The operation voltage can be reduced by
removing the series diode, but as a result, the linearity is significantly worse [66]. To
alleviate this effect, a large current is needed, which results in higher power consumption
[66].

Another drawback of [65] is that the large output impedance (time constant) of the input
buffer limits the bandwidth and degrades the settling time [66]. For the above reasons, the

design in [65] is not favorable for low-voltage, high-speed ADCs [66].

3.3 Fiocchi THA

Fiocchi, et al. [66], proposed a novel THA implemented in standard Si BiCMOS tech-

nology was proposed, which is shown in Fig. 36.
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Figure 36: Schematics of the Fiocchi THA (after [66]).

The input buffer of this THA features a npn BJT differential amplifier with a pMOS
current source load in a unit feedback configuration [66]. Because of the high open-loop
gain due to the high transconductance of the BJT, this THA design can achieve high lin-
earity with a lower voltage supply [67]. On the other hand, because the output resistance
is only 1/g,,, which is much smaller than in [65], the time constant is reduced so that the
bandwidth of the input buffer is improved [67]. Because of the parasitic capacitance of the
pMOS transistor, however, the effective output impedance of the pMOS current source de-
creases as the frequency increases [67]. As aresult, both the linearity and the bandwidth are
degraded. To address this problem, an adaptive-biased input buffer was proposed in [67],
but the input signal is still limited to relatively low frequencies of around several hundred

MHz [67].

3.4 Improved Fiocchi THA

Based on [66] and [67], an improved version of the pseudo-differential track-and-hold
amplifier is implemented in the present work in 0.25 ym 200 GHz SiGe HBT BiCMOS
technology. Figure 37 shows the block diagram for this THA design.

Two input buffers are used in the present THA design [67]. The main input buffer,
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Figure 37: Block diagram of the 8-b 12-GSample/sec THA.

Bufferl in Fig. 37, provides the analog signal for the main switch SEF'I, while Buffer2 pro-
vides a replica signal for the auxiliary switch SEF2 in order to prevent capacitively loading
the output of Bufferl [67]. To improve the output impedance of the pMOS current source
at high frequency, a degeneration inductor is used [68]. Figure 38 shows the schematic of

the proposed input buffer.

The output impedance of the input buffer with inductor degeneration is

rq+ joL(1+r.gm)
Four = N , (76)
1 —w?’L,C, — @*LCyrygm + jCpry
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while the normal input buffer in [66] is

rq

=— 77
I+ jowCprg 77)

Yout

where L is the degeneration inductance, C, is the parasitic capacitance at the output, and
gm and r, are the transconductance and output resistance of M2, respectively. Figure 39
shows the calculated output impedance as a function of input frequency. It is clear that at
frequencies higher than 0.6 GHz, the output impedance of the current source is significantly

improved by the degeneration inductor.

L

Ls

M1 a M2

vout

(o]

Vin

Q1 Q2

From Cg

® ®

-w -

Figure 38: Schematic of the proposed high-performance input buffer .

Figure 40 shows a schematic of the SEF and the level shifter. When the clock at node
T is high, the THA is in track mode. When the clock at node H is high, the transistor Q2
is off and the THA is in hold mode, during which the capacitor Cy maintains the sampled

voltage. Transistor Q. functions as a clamp to prevent transistor Q2 of the input buffer
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Figure 39: Calculated output impedance of the input buffer as a function of frequency.

in Fig. 38 from entering into saturation during hold mode. Transistor Q. is biased by a
replica signal generated from the auxiliary switch SEF2 and level shifted by a Vg [66]. In
track mode, the transistor Q. is off because the Vg is very small. In hold mode, the base
voltage is a constant voltage provided by the hold capacitor Cy in the auxiliary SEF2 [66].
Thus, this architecture provides good isolation between input and output, resulting in a
reduction in the hold-mode feedthrough [66]. To further suppress hold-mode feedthrough,
a compensation capacitor Cy is also included [65]. Two dummy transistors, Q5 and Q6,
are used to minimize the pedestal error caused by charge injection [66]. Figure 41 shows
the schematic of the clock buffer.

As shown in Fig. 42, the output buffer uses a pMOS current mirror to improve the droop
rate by compensating for the base current [66]. The test buffer is matched to 50 €. In order

to achieve higher linearity, the 50 Q testing buffer is operated with a larger supply voltage.
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Figure 41: Schematic of the clock buffer.

3.5 Measurement Results

The THA was implemented in a commercially available 0.25 ym 200 GHz SiGe HBT

BiCMOS technology [37] and occupies an area of 1.0x 1.2 mm?, including bondpads. The
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Figure 42: Schematic of the output buffer and 50 Q test buffer.

chip micrograph is shown in Fig. 43. The THA was tested on-wafer using 40 GHz probes
and cables. Special attention was paid to maintaining symmetrical signal paths because any
asymmetry caused by the external testing components (e.g., hybrids, cables, and probes)
introduces parasitic non-linearity and degrades the performance of the THA dramatically
at high frequencies. In the current setup, well-matched components were chosen and ad-
justable phase adapters used to compensate for the different signal lengths.

Figure 44 shows the time-domain measurement results at f; of 12.0 GHz with f;, of
1.5 GHz. With f;, of 1.5 GHz, the total harmonic distortion (THD) as a function of the
sampling frequency is shown in Fig. 47. Based on the results shown in Fig. 47, this THA
is capable of an 8-bit resolution operating above 12-GSample/sec with f;, of 1.5 GHz and
1 V,, input signal.

Figure 45 shows the spectrum of the output signal with f; of 12.5 GHz and f;, of
1.5 GHz. The third harmonic distortion is -54.0 dBc. Figure 46 shows the spectrum of
the output signal with f; of 12.5 GHz and f;, of 3.0 GHz. The second, third, and total
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Figure 43: Chip micrograph of the 8-b 12-GSample/s SiGe THA.

harmonic distortion are -52.0 dBc, -53.1dBc, and -49.5 dBc, respectively, resulting in an
ENOB of 7.93 bits. The measurement results of the THA are summarized in Table 8.

The highest sampling rate is limited by the settling time and the slew rate (charging and
discharging capacitors). The droop current limits the lowest sampling rate, and thus deter-
mines the longest time the capacitor can hold the signal voltage below a certain error. Thus,
there is an optimum sampling rate that maximizes th THA performance. From Fig. 47, the
THA has its lowest 3rd order harmonic distortion, -61.0 dBc, around 4 Gsample/sec.

In addition to the parasitic non-linearity introduced by the imperfections of the external
test components, the non-linearity during the transition from hold-mode to track-mode is
also inherently included in the THD data, while for real ADC applications only the accuracy
of the hold value is of interest. Thus, the measured performance of the SiGe THA may

actually be underestimated. On the other hand, additional sources of error such as clock

55



100mV

50ps

Figure 44: Measured output waveform at 12-GSample/sec with a 1.5 GHz input frequency.

ATTEN 18dB aMKR -54.008dB
RL @dBm 18d B~/ 3. B2GHz

v

START 1. BAGHz STOP 11. BAGHz
¥REW 100kHz UBW 180kHz SWP 2.5B8sec

Figure 45: Measured output spectrum with 12.5-GSample/sec and a 1.5 GHz input fre-
quency.
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Figure 46: Measured output spectrum with 12.5-GSample/sec and a 3.0 GHz input fre-
quency.
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Figure 47: Output harmonic distortion as a function of sampling frequency.
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jitter may further limit the THA performance. Furthermore, according to the simulation

results, the 50 Q buffer degrades the overall performance of the THA, while in ADCs the

THA is an internal building block and need not be matched to 50 Q. A comparison of this

THA to other published Si/SiGe THAs is given in Table 9. Based on this comparison, the

present THA is the fastest 8-bit Si-based THA achieved to date.

Table 8: Summary of the SiGe THA Characteristics.

THD at f,=12.1 GHz, f;,= 1.5GHz -52.4 dBc
THD at f,=12.5 GHz, f;,=3.0 GHz -49.5 dBc
Bandwidth (3dB) 5.5 GHz
Pedestal error <5mV
Droop rate (differential) <5mV/ns
Power supply 35V
Power consumption 0.7W
(with clock and test buffer)

Die size 1.2 mm?®

Table 9: Comparison with Published Si/SiGe High-Speed Track-and-Hold Amplifiers.

Reference | fiampie fin Input | ENOB | BW Supply | Py | Process/ fr
(GHz] | [GHz] | [V,,] | [bit] | [GHZz] [V] (W] [/{GHz]
[30] 10.0 10.0 1.0 5 16.0 -3.7 - SiGe/120
[68] 4.0 8.0 0.6 6 10.0 5.2 0.55 | SiGe/45
[70] 1.2 0.6 1.0 8 20 | 4+2.0/-5.0 | 0.46 Si/25
[71] 2.0 0.9 0.8 8 0.9 -3.3 0.55 | SiGe/65
[69] 1.0 0.5 1.0 10 - -5.2 0.35 Si/25
This work | 12.1 1.5 1.0 8 5.5 3.5 0.70 | SiGe/200

3.6 Summary

An ultra-high-speed SiGe HBT BiCMOS THA has been presented in this chapter that

incorporates. a degeneration inductor in the input buffer and thus significantly improves the

performance of the THA. Compared with other state-of-the-art THAs, the realized THA is

the fastest 8-bit Si-based THA yet reported.

58



CHAPTER IV

TRANSCONDUCTANCE-C LOW-PASS FILTER

4.1 Introduction

As the data transfer rates of recording devices (e.g., DVDs and hard-disk drives) con-
tinue to increase, very high-speed analog filters are required for the front-end electronics
[73]. In addition, ultra-wideband (UWB) wireless technology that is capable of transmit-
ting extremely low power signals at very high data rates requires high-frequency anti-alias
filters before the signals can be digitized by analog-to-digital converters (ADCs) [77]. The
integrated filters for such applications can be implemented with on-chip passives, (i.e., ca-
pacitors and inductors), but given the frequency range of interest, which extends from sev-
eral hundred MHz to several GHz, excessively large chip areas would be required. Passive
filters, while attractively linear in their response, unfortunately have a very limited tuning
capability and often have significant pass-band loss due to low-Q inductors, especially in
Si-based technologies. For recording devices and communication channel selection appli-
cations, integrated active filters thus become an obvious alternative. Operational amplifier
based filters (e.g., op amp RC filters) have higher linearity than transconductor based filters
(i.e., g,-C filters) [75]. However, it is very difficult to achieve very high-frequency oper-
ation (above 1 GHz) with op amp based filters, mainly because of their insufficient loop
gain at high frequency, which is limited by the trade-off between the gain-bandwidth and
phase-margin for a multi-stage op amp [75]. Thus, to achieve maximum speed, g,-C filters
are preferred.

In this chapter, the design and demonstration of an ultra-high-speed (4.1 GHz) g,-C
C-SiGe active filter using Voorman transconductors is presented. The 0.25 ym C-SiGe

process technology used to implement this filter is discussed in Section 4.2. Section 4.3
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reviews transconductor design. Details of gyrator design and filter design are described in
Section 4.4 and Section 4.5, respectively. Measurement results are presented in Section

4.6, followed by a summary. Thsi work is also published as [79].

Base Emitter Collector Base Emitter Collector

Il o H
npn Emitter Poly
[iSmS: -) Uw‘url PNP

G <

.w LL\( pnp Base / d \ I /n*-SD\ ‘
High doped Coll. Poly High doped CoII \ / L

NPN n-Isolation n-Well

Figure 48: Schematic cross-section of the npn and pnp SiGe HBTs.

Table 10: Key Parameters of the C-SiGe Technology.

| npn pnp
p 200 100
Ap pin (4m?2) 0.21x0.84 0.21x0.84
fr (GHz) 170 90
Sfmax (GHz) 170 120
BVceo (V) 1.9 3.1
BVcpo (V) 4.5 4.0
CMOS L, (um) 0.25
Metal Layers 4

4.2 (C-SiGe HBT Process Technology

Bandgap-engineered SiGe HBTs are receiving significant attention for communications
IC applications because they enable a dramatic improvement in transistor-level perfor-
mance while simultaneously maintaining strict compatibility with conventional low-cost,
high-integration level, high-volume CMOS manufacturing [33]. SiGe technology is evolv-

ing rapidly, and has today reached a point where SiGe HBT technology is of comparable
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Figure 49: fr and f,,,, vs. collector current of the npn and pnp SiGe HBTs.

performance with the best-of-breed I1I-V technologies. With the recent announcement of
SiGe HBTs with peak cutoff frequency (fr) above 300 GHz [39], and complementary
(npn and pnp) SiGe HBTs with peak fr above 180 GHz and 80 GHz, respectively [40],
the application space for SiGe HBT technology is now for a wide variety of analog and RF
through mm-wave applications. A key feature of the present work is the use of complemen-
tary (npn and pnp) SiGe HBTs. The high performance of the pnp SiGe HBTs is mainly
the result of a highly tuned vertical doping profile, taking full advantage of the reduced
phosphorus diffusion in the carbon-doped base, combined with the special collector con-
struction of previously reported 200 GHz npn transistors [40]. In this C-SiGe technology,
the formation of the entire SiGe HBT structure is made in one active area, without shallow
trench isolation between the active emitter and the collector contact regions. This provides
low-capacitance isolation from the substrate and low collector resistances [37]. Figure 48
shows a schematic cross-section of these npn and pnp transistors.

The current filter design makes use of six different geometrical variations of SiGe
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HBTs, ranging from the minimum emitter size (0.21x0.84 ym?) to eight times of the min-
imum emitter size. The following transistor parameters have been determined on an array
of four minimum emitter size SiGe HBTs from the same wafer the filter test chips are fab-
ricated on: peak fr=170 GHz and peak f,,.,.,=170 GHz (with BVcgo=1.9 V), for the npn
SiGe HBTs; peak fr=90 GHz, and peak f,,.,,=120 GHz (with BVcgo=3.1 V), for the pnp
SiGe HBTs. The fr and f,,,, were extrapolated from 4, and the unilateral gain (U), re-
spectively, at 30 GHz using a -20 dB/decade slope at room temperature. In addition to the
C-SiGe HBTs, ASIC compatible 2.5 V CMOS devices, and a full suite of passives (includ-
ing metal-insulator-metal (MIM) capacitors, polysilicon resistors, and spiral inductors) are
also available in this technology platform. Table 10 summarizes the key parameters of this

C-SiGe technology.

V/2 Q1 Q2 }—o -V/2

1 ®

-

Figure 50: Schematic of the differential pair.
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Figure 51: Schematic of the Schmoock transconductor.
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Figure 52: Schematic of the Voorman transconductor.

4.3 Transconductor Design
4.3.1 Differential Pair

In a simple differential pair, shown in Fig. 50, the large-signal currents in Q1 and Q2

are [64]

V3E+V/2)

7 (78)

Icy = Isexp(
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Figure 53: Theoretical normalized transconductance (g,,/gm max) as a function of the input
voltage.

VBE—V/Z)

Ier = Igexp( (79
c2 s €Xp vy )
al = ICl + Icz, (80)

p
= — 81
* 1+p (81)

where I and I, are the collector currents of transistors Q; and Q,, respectively; I is the
tail current; V' is the input voltage; Vg is the DC bias voltage; Is is a constant; f is the
current gain and V7 is the thermal voltage (kT/q). Solving for I¢; and I,

al

Iey=—————, 82
ATy exp (—VLT) (82)
al
Iep= ————. 83
“ 1 +exp (VLT) (83)
The total output current I, can be found as [64]
Ici—1

L = ——5— (84)
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Figure 54: Schematic of the complementary Voorman transconductor used here.

al 1 1

= — - I (85)
2 1+exp (—VLT) 1 +exp (VLT)
al Vv

The simple differential pair has a very limited linear input range due to the exponential
V — I transfer function of the bipolar transistor. When the input voltage is larger than a few

Vr, one of the transistors is turned off. The linear input range is limited to 32 mV Vpp [64].
4.3.2 Schmoock Transconductor

For the Schmoock transconductor [74], shown in Fig. 51, the large-signal currents in
01, 02, O3 and Q4 are [73]

Ve + V/2)

IC] =ISeXp( V
T

(87)
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VBE—V/Z)

Icy = mlgexp( v
T

o i
2 — IC1 Cc4,

Iy 1 exp ( |4 )
— = —eX —),
IC4 m P VT
solving for Iy and I¢4 [73]
al /2
Icy /

- 1+mexp(—V1T)’

al /2

Icy = ————.
1+ Lexp ()

The output current of the differential pair Q1 and Q4 is [73]

1, = la—la
2
B al /4 al /4
1 +mexp (—VLT) 1+ Lexp (VLT)
al /4 al /4

al |4
= 7 tanh [(7T —Inm)/2].

Similarly, the output current from the differential pair Q2 and Q3 is [73]

I Vv
Lz = - tanh (7 +nm)/2],

and the total output current of the two differential pairs in parallel is [73]

Iout = Iout1+Iout2
al

4

L+exp(—% +Inm)  1+exp(Z —Inm)

— tanh [(VK —Inm)/2] + %Itanh [(VK +1Inm)/2].
T T

(88)

(89)

(90)

oD

(92)

(93)

(94)

(95)

(96)

7

(98)

(99)

Varying the emitter area ratio m results in this transconductor having different linear input

ranges [74]. When m=3.72 the maximum linear input range of 70 mV V,,, is achieved [74].
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In practical implementation, an integer of 4 is generally chosen for convenience [73]. The
transconductance g, of the optimum Schmoock transconductor (n = 4) can be found as

[73]

_ 4al
T 25V

&m (100)

Further increasing the number of parallel differential pairs improves the linearity modestly,

but increases the complexity dramatically [76].
4.3.3 Voorman Transconductor

In the Voorman transconductor [73], shown in Fig. 54, the large-signal currents in Q1,

02, 03 and Q4 are

Vee+V/2
Ier = I exp(BET/L (101)
T
Vee = V/2
Icr = Isexp(BET/), (102)
T
v
IC3 = mIS exXp (ﬂ), (103)
Vr
v
Ics = Isexp (=), (104)
Vr
The total current of for Q1, O2, O3 and Q4 is equal to the tail current I [73]
Ici+ 1o+ 1oz + Icy = al, (105)
solving for I¢; and I, [73]
1
Ie) = ¢ (106)

1+ 2nexp (—5-) +exp (—VLT)’

. al exp (—VLT) (107)
T 1+ 2nexp (—5p7) +exp (—VLT)'
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and the large-signal differential signal current is [73]

1
Iout = E(ICI_ICZ) (108)
1 I aIexp(—l
= u a ) (109)

21 4 2n exp (—%) + exp (—VLT) 14 2n exp (—%) + exp (—VLT)

w e () —exp(—
_ V —, (110)
2 2n+exp (557) +exp (=5~

Varying the emitter area ratio, n, produces different linear input ranges in the transconductor
[73]. Figure 53 shows the theoretical normalized transconductance (g,,/g.max) as a function
of the input voltage. Curves 3, 4, and 5 correspond to the g, — V curves when n = 1, 2,
and 3, respectively. Note that when n = 2, the circuit experiences its maximum linear input
range of 140 mV V,, [73].

Curve 1 corresponds to a simple differential pair, while curve 2 represents the Schmoock
transconductor [74]. The linear input range of a Voorman transconductor (n = 2) is signif-
icantly larger compared to either a simple differential pair or a Schmoock transconductor.

The transconductance, g,, of the optimum Voorman transconductor (n = 2) can be
found as [73]

_ al
P72

&m (111)

Obviously Voorman is a better transconductor compared to the Schmoock transconductor;
in addition to doubling the linear input range, it also has lower input capacitance due to
the smaller transistor size, 1 x Ag on the signal path [73]. In the Schmoock transconductor,
the signal is fed into parallel connected differential pairs, both of which have both 1xAg
and 4x Ag transistors [73]. Hence, a filter implemented with Voorman transconductors
is expected to operate at higher operating frequencies [73]. The noise is also lower in
Voorman transconductors [73]. The Schmoock transconductor has two tail current sources,
and the noise current generated by each of these current sources is unequally delivered
to the output because of their different transistor sizes [73]. Consequently, the differential

noise current is not zero, and the noise generated by the two current sources is un-correlated
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and their mean-square noise voltage can be added directly [73]. In contrast, in a Voorman
transconductor the noise current generated by the tail current source is a common-mode
signal and is therefore largely rejected by the differential pair at the output [73].

Since the center node of the resistors is at virtual ground, the transistor’s base can be
directly connected to its collector with no effect on the output current and, furthermore,
the two center transistors can be combined [73]. Figure 54 shows the complementary
Voorman transconductor used here [73]. The use of both npn and pnp transistors reduces
the power consumption by effectively doubling the transconductance at the same current or,
conversely, by maintaining the same transconductance with only half of the current [73].

In summary, complementary Voorman transconductors are very suitable for high-speed,
low-noise, and low-power applications [73]. With the availability of very high speed C-
SiGe HBTs, very attractive active filters can be achieved [73]. However, the performance
of the g,,-C filter remains limited by the speed of the pnp transistor, which unfortunately is
not widely available, and is significantly slower than its npn counterpart [73].

As a result of recent breakthroughs in the complimentary SiGe HBT technology, the
performance of the pnp transistor has now reached a level that is comparable to the state-of-

the-art npn HBTs, and the speed of the g,,-C filters can therefore be significantly improved.

4.4 Gyrator Design

Figure 55 shows the tunable differential inductor (gyrator) used in this study. The

effective inductance is given by
L=—. (112)

Because this is a fully differential amplifier with an active load, the common-mode voltage
at the output is not defined and a common-mode feedback circuit is needed, as shown in
Fig. 56 [73], in order to correct the mismatch between the upper and lower tail current
sources. If, for example, the collector current of Q13 is larger than I, the collector voltages

of Q1, Q3, Q7 and Q9 all increase, as do the base and emitter voltages of Q10 and Q12
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Figure 55: Schematic of the differential tunable inductor (gyrator).
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Figure 56: Schematic of the gyrator with common-mode feedback.

and, eventually, the base voltage of Q13 increases, and the current in Q13 decreases until it

is equal to L.

4.5 Filter Design

The block diagram of the core fifth-order elliptic low-pass filter is shown in Fig. 57, and

the RLC equivalent circuit of this filter is shown in Fig. 58. All of the differential capacitors
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Figure 57: Block diagram of the fifth-order low-pass filter.
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Figure 58: Equivalent RLC circuit of the fifth-order low-pass filter.

(Cy, C;5 and Cs) were connected to the real ground in order to improve the common-mode
stability at high frequency [73]. Two 50 Q shunt input resistors and a 50 € output buffer
were added (not shown in Figure 57) in order to achieve broadband impedance matching
to the test equipment.

By changing the tail current of the transconductor, the tuning function is realized. From
the simulation results, shown in Fig. 59, the filter has a maximum bandwidth of 4.2 GHz, a

tuning range of 42 MHz—4.12 GHz and a pass-band gain of 0 dB.
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Figure 59: Simulated S,; of the C-SiGe g,-C filter over its tuning range.

4.6 Measurement Results

This C-SiGe filter was implemented in a commercially-available 0.25 ym 170/90 GHz
C-SiGe HBT BiCMOS technology [40], and occupies a total area of 0.90x0.91 mm? in-
cluding the probe pads. The chip micrograph is shown in Fig. 60. The filter was tested
on-wafer using 40 GHz probes and cables.

The filter operates off a 3.5 V power supply and has 28.5 mA of bias current flowing
through its core circuit when achieving a maximum bandwidth of 4.1 GHz. Fig. 61 shows
a typical measured S»; from 0.05 GHz to 5 GHz. The 3-dB bandwidth is 430 MHz, and
the attenuation at 670 MHz is about 42 dB. The pass-band shows a loss of 6.8 dB (com-
pared to O dB predicted by the simulation). Part of this loss is measurement-setup induced,
originating from the lack of high-performance ultra-wideband (from 50 MHz to 10 GHz)

differential signals for testing. A pair of back-to-back connected ultra-wideband baluns
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Figure 60: Die micrograph of the C-SiGe g,-C filter.

were used to achieve single-ended to differential and differential to single-ended conver-
sions. However, large phase and amplitude mismatches were observed (and uncorrected
for) at the output of the balun. In addition, it is possible to increase the transconductance
(current) of the input g, cell to compensate for any pass-band loss. Fig. 62 shows the
measured S,; over the tuning range. The bandwidth can be continuously tuned over a very
wide range, from 70 MHz to 4.1 GHz. Figure 63 shows the linearity data for the filter. The
third-order input intercept point (IIP3) is -5.5 dBm for a two-tone input signal containing
1.50 GHz and 1.52 GHz frequency components, and the output noise power spectrum den-
sity (PSD) is -143 dBm/Hz. Table 11 shows a comparison between this C-SiGe filter and
other reported low-pass active filters. To the best of our knowledge, the present C-SiGe
filter has the widest bandwidth and achieves a record continuous tuning range between 70

MHz and 4.1 GHz compared with the previous state-of-the-art.
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Figure 61: Measured .S,; of the C-SiGe g,-C filter.
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Figure 62: Measured .5,; of the C-SiGe g,,-C filter over its tuning range.
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Figure 63: Measured IIP3 of the C-SiGe g,-C filter.
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Table 11: Comparison with Published High-Frequency Active Low-Pass Filters.

Reference BW Power | VCC I1P3 Order | Topology Technology
[MHz] | [mW] | [V]
[75] 200-1000 | 90 1.8 | 13.5dBV 5 op amp RC | 0.18 yum CMOS
[77] 500 14 1.8 | 3.0dBm 5 op amp RC | 0.18 yum CMOS
[78] 80-200 270 3.0 - 7 gm-C 0.25 um CMOS
This work | 70-4100 100 35 | -5.5dBm 5 gmn-C 0.25 um C-SiGe
4.7 Summary

A high-frequency, continuous-time, fifth-order, elliptic, g,-C filter based on Voorman

transconductors has been presented in this chapter. The filter was fabricated in a high-

performance complementary SiGe BiCMOS technology and achieved a 3-dB bandwidth of

4.1 GHz and a tuning range of 70 MHz to 4.1 GHz. This C-SiGe g,-C filter is well-suited

for next-generation recording devices and UWB communications system applications.
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CHAPTER V

RADIATION RESPONSE OF THE THIRD

GENERATION SIGE HBTS

5.1 Introduction

Bandgap-engineered SiGe HBTs are receiving increasing attention due to the poten-
tial they offer for terrestrial communications IC applications because they enable a dra-
matic improvement in transistor-level performance while simultaneously maintaining strict
compatibility with conventional low-cost, high-integration level, high-volume Si CMOS
manufacturing [33]. SiGe HBT technologies with 50 GHz (first-generation) and 120 GHz
(second-generation) peak cutoff frequency are currently in commercial production world-
wide from multiple sources, and are being widely deployed in both the commercial and
defense sectors. SiGe HBT technology has also generated significant recent interest in the
space community, because it offers substantial (multi-Mrad) total dose hardness without
the need for costly radiation hardening, although SEU tolerance is still under active inves-
tigation [33].

This advance in the SiGe state-of-the-art to 200 GHz (third-generation) [36] perfor-
mance has only been achieved by radically altering the structure of previous SiGe HBT
design points. The third-generation SiGe HBT technology used in the present investigation
(IBM’s SiGe 8HP technology) employs a novel, reduced thermal cycle, "raised extrin-
sic base" structure, and utilizes conventional deep and shallow trench isolation, an in-situ
doped polysilicon emitter, and an unconditionally stable, 25% peak Ge, C-doped, graded

UHV/CVD epitaxial SiGe base (Fig. 64) [36]. The device structure has been scaled later-
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Figure 64: Schematic cross-section of the 185 GHz SiGe HBT.

ally to a 0.12 ym emitter stripe width to minimize base resistance and thus improve the fre-
quency response and noise characteristics. Such a raised extrinsic base structure facilitates
the elimination of any out-diffusion of the extrinsic base, thereby significantly lowering the
collector-base junction capacitance [36]. From a radiation tolerance perspective, however,
the emitter-base (EB) spacer and the shallow trench isolation (STI) of the new structure
are both fundamentally different than those found in first- and second-generation (IBM
SiGe 5HP and SiGe 7HP) technologies, and the composite films and processing/thermal
cycles are significantly altered, raising a valid question as to the overall radiation tolerance
of the new device structure with respect to previous SiGe technology generations. This
question is particularly relevant given that the overall processing thermal cycles have also
been significantly reduced, thus raising questions about the overall robustness of the oxide
interfaces, the primary damage points in an ionizing radiation environment. In this work,
the first results on the proton tolerance of a third-generation SiGe HBT technology are re-
ported and compared with prior SiGe technology generations to quantify any differences.

This work is also published as [84]).
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5.2 Experiment

The third-generation SiGe HBT technology (IBM SiGe 8HP) examined in this work has
a 0.12 yum emitter stripe width and 185 GHz peak f7 (this was off a different fabrication lot
than that reported in [36], but is essentially the same technology, with a slightly different
vertical profile). Two earlier SiGe HBT technology generations were also measured to
assess the impact of vertical scaling, lateral scaling, and structural changes on the radiation
response and included a 0.50um 50 GHz f7 SiGe HBT (IBM SiGe 5HP) and a 0.20 ym
120 GHz fr SiGe HBT (IBM SiGe 7HP). In the case of 7HP SiGe technology, the effects
of radiation on the ac performance are reported here for the first time.

The samples were irradiated with 62.5 MeV protons at the Crocker Nuclear Laboratory
at the University of California at Davis. The dosimetry measurements used a five-foil sec-
ondary emission monitor calibrated against a Faraday cup [80], [81]. The radiation source
(Ta scattering foils), located several meters upstream of the target, establish a beam spatial
uniformity of about 15% over a 2.0 cm radius circular area [80], [81] Beam currents from
about 5 pA to 50 nA allow testing with proton fluxes from 1 x 10° to 1 x 10'! proton/cm?sec
[80], [81]. The dosimetry system has been previously described [80], [81] and is accurate
to about 10%. At a proton fluence of 1 x 10! p/cm?, the measured equivalent gamma
dose was approximately 136 krad(Si). The SiGe HBTs were irradiated with all terminals
grounded for the dc measurements and with all terminals floating for the ac measurements
at proton fluences ranging from 1.0 x 10'2 p/cm? to 5.0 x 10" p/cm?. It was previously
shown that SiGe HBTs are not sensitive to applied bias during irradiation. Wirebonding
of ac test structures is not compatible with robust broadband measurements, and hence
on-wafer probing of S-parameters (with terminals floating) was used to characterize the
high-frequency performance. The samples were measured at room temperature with an
Agilent 4155 Semiconductor Parameter Analyzer (dc) and an Agilent 8510C Vector Net-

work Analyzer (ac) using the techniques discussed in [82].
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5.3 dc Results

The resultant 8HP forward-mode Gummel characteristics are shown in Fig. 65 and 66
as a function of proton fluence, and reveal a remarkably minor degradation in the base
current at a few Mrad equivalent gamma dose. As has been previously discussed [83], this
base current degradation is physically the result of proton-induced G/R center, physically

located at the emitter-base spacer at the emitter periphery.
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Figure 65: Forward-mode Gummel characteristics of the 8HP SiGe HBT.

A comparison of the normalized base current degradation of the 8HP transistor to that
of the first- (SHP) and second- (7HP) generation SiGe devices shows that the S8HP de-
vices experienced significantly smaller radiation-induced damage than the earlier technol-
ogy generations (Fig. 67). This result is a pleasant surprise and would appear to be in
direct contradiction with the results of SiGe HBT scaling presented in 2002 [83], in which
vertical and lateral device scaling generally degraded the forward-mode proton response.

It should be noted, however, that this result can be easily misinterpreted, since the base
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Figure 66: Forward-mode Gummel characteristics(Vbe=0.3-0.7V) of the 8HP SiGe HBT.

current ideality of the pre-radiation device influences the final base current change. That is,
in the case of 8HP, there is clearly a pre-existing G/R center dominated base current leak-
age component, as evidenced by the non-ideal base current slope of about 120 mV/decade,
which is consistent with classical G/R leakage. For the SHP and 7HP devices, however,
the starting base currents were significantly more ideal, and hence even a small absolute
degradation of the base current resulting from proton exposure produced a larger damage
ratio in these devices. In effect, the 8HP base current damage was still present but effec-
tively "hidden" beneath the pre-radiation, non-ideal base leakage component. As the 8HP
technology has matured, its pre-radiation, non-ideal base current has become more ideal,
thus facilitating a more meaningful comparison with SHP and 7HP devices; an experiment
aimed at addressing this is underway and will be reported at a later date. Nevertheless, at
the low end of the practical circuit operating currents (e.g., Ic = 1.04A), the change in the

current gain (f) for the SHP device is less than 20% at 5 x 10'°p/cm?, significantly better
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than that achieved for either SHP or 7HP (Fig. 68). This is clearly very good news and
speaks well of the inherent tolerance of the various potentially sensitive interfaces in the

modified, low-thermal budget, 8HP device structure, namely the EB spacer and STI edge.
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Figure 67: Comparison of the normalized base current in forward-mode as a function of
proton fluence for the SHP, 7HP, and 8HP SiGe HBT technology generations.

Measurements of the inverse-mode Gummel characteristics (Fig. 69 and 70) with the
emitter and collector swapped, which effectively samples the physical collector-base junc-
tion, indicate that while the pre-radiation base current is less ideal than perhaps desired,
the proton-induced change to the inverse-mode base current is minor at best, which is con-
sistent with the fact that the STI is very thin in this generation (much less than SHP, but
similar to 7HP) and thus has less impact on the collector-base junction characteristics. This
is significant, given that, unlike in the SHP and 7HP devices, the overall thermal cycle of
the 8HP process is substantially reduced, and hence no out-diffusion of the extrinsic base
is available to "cover" the exposured corners of the STI with high doping, effectively con-

taining any proton-induced damage. This result suggests that this "raised extrinsic base"
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Figure 68: Comparison of the normalized current gain as a function of proton fluence for
the SHP, 7HP, and 8HP SiGe HBT technology generations.

8HP structure should continue to enjoy substantial proton tolerance even as the technology
is further scaled for even higher performance, as has in fact been recently reported in a 350

GHz peak fr SiGe HBT [38].

5.4 ac Results

The transistor scattering parameters (S-parameters) were fully characterized to 26 GHz,
from which the cut-off frequency fr was extracted at each bias current point. The pre- and
post-radiation cut-off frequencies versus collector current density for the S8HP devices are
shown in Fig. 71, together with comparisons to the 7HP (at 7 x 10'2p/cm? fluence) and
5HP (at 5 x 10"3p/cm? fluence) SiGe technologies. As can be clearly seen, negligible
degradation of f7 is observed in the 8HP devices, which is well within the measurement
error of about £5%.

The ac small signal model for SiGe HBTs is shown in Fig. 72. From the measured
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sity for 8HP, 7HP, and SHP SiGe HBTs.

S-parameters, the dynamic base resistance (r;,) can also be extracted, as shown in Fig. 73.
The 8HP base doping level is higher than that for 7HP, and thus the base resistance is
smaller. Note that the total base resistance increases slightly as the proton fluence increases
above 1x10"3p/cm?, presumably because of displacement effects in the neutral base region,
and the deactivation of boron dopants. A similar trend can be seen in the 7HP. This effect
is very minor, however, because the base profile is very thin (<30 nm) and it is very heavily
doped (> 1 x 10”cm™3), and should not therefore have a significant impact on either the
maximum oscillation frequency or the broadband noise performance.

The total emitter-to-collector delay time (7g¢) and the total depletion capacitance (C;yq)
can be extracted from the measured cut-off frequency characteristics and are shown as a
function of proton fluence in Fig. 74 and 75. Interestingly, it can be observed that the to-
tal transit time of the 7HP devices monotonically increases (degrades) with fluence, while

the 8HP total transit time remains constant with fluence. This is clearly reflected in the
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Figure 73: Small signal model for SiGe HBTs.

change in the peak cut-off frequency of the respective technologies (the 8HP peak fr does
not change, while there is a small but observable decrease in peak f7 in 7HP (Fig. 71).
The small observable increase in base resistance at high fluence coincides with a slight de-
crease in the total depletion capacitance (Fig. 74) and is consistent with the above claims

that small but finite displacement-induced acceptor de-ionization occurs in the base region
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of the device.

Finally, the impact of proton exposure on the cut-off frequency characteristics of two
different breakdown voltage 8HP transistors on the same wafer was examined (Fig. 76).
One of the key advantages offered by SiGe technology is its ability to trivially integrate
transistors with multiple breakdown voltages on the same wafer using only a collector im-
plant blockout mask, thereby facilitating great flexibility for circuit designers. Clearly, the
peak operating frequency does not depend strongly on proton fluence, which is good news.
Note, however, that the roll-off in f7 at high J¢ does not change significantly with proton
exposure. This is significant since the fr-Jc roll-off is very sensitive to any changes in
the effective doping level in the collector region and thus suggests that collector-region dis-
placement damage is not a major concern in this generation of device technology, which is
consistent with the above observations on base resistance. This can be quantified by plot-

ting the current at which fr falls by 20% and normalizing to pre-radiation values (Fig. 77).
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The roll-off current density actually increases slightly with irradiation, and this manifests

more strongly in the low breakdown device.

5.5 Summary

The impact of proton irradiation on the dc and ac characteristics of third-generation,
185 GHz SiGe HBTs is reported here for the first time. The results demonstrate that the lat-
est SiGe HBT technologies can successfully maintain their inherent Mrad-level total dose
hardness, without intentional hardening, even when the device structure is fundamentally

altered in order to achieve unprecedented levels of device performance.

88



CHAPTER VI

CONCLUSION AND FUTURE WORK

The contributions of this research are as follows:

1. Proposed and implemented a new 3-10 GHz SiGe HBT LNA for UWB applications.
The use of a shunt base-emitter capacitor and weak shunt resistive feedback in a
cascode amplifier with inductive degeneration significantly improves the input band-
width of the LNA, and simultaneously allows a very low noise figure to be achieved.
This LNA achieves the lowest reported NF of any LNA in Si-based technology in the
UWRB band to date (Chapter II, also published in [59]).

2. Proposed and implemented an 8-bit 12 GSample/sec SiGe BiICMOS track-and-hold
amplifier for use in high-speed analog-to-digital converters. The use of a degenera-
tion inductor in the input buffer significantly improves the performance of the THA.
This circuit is the fastest 8-bit Si-based THA reported to date. (Chapter III, also
published in [72]).

3. First demonstrated a continuous-time, fifth-order, elliptic, g,,-C low-pass active filter
in 0.25 ym complementary (npn + pnp) silicon-germanium (C-SiGe) HBT technol-
ogy. This C-SiGe filter has the widest bandwidth reported to date achieving a record
continuous tuning range between 70 MHz and 4.1 GHz. (Chapter 1V, also published
in [79])).

4. Studied the impact of proton irradiation on the dc and ac characteristics of third-
generation, 0.12 ym 185 GHz SiGe HBTs. The results demonstrate that SiGe HBT

technologies can successfully maintain their Mrad-level total dose hardness, without
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intentional hardening, even when vertically-scaled in order to achieve unprecedented

levels of transistor performance(Chapter VII, also published in [84]).

In the future, this work can be extended by:

1. Designing a new 3-10 GHz UWB receiver front-end that integrates the LNA, 1/Q

mixers, channel selection filters, and VGASs.

2. Designing a new 3-10 GHz UWB receiver that integrates the front-end, LO genera-

tion and ADC:s.

3. Designing a new 8-bit 10 Gsample/sec ADC that integrates the proposed THA.

4. Designing a new automatic tuning circuitry to tune the gain, cut-off frequency, and

Q of the elliptic low-pass g,-C filter to compensate for process variations.

5. Designing a new active-RC filter in the C-SiGe process.
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