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Abstract

In recent years, the motivation for both the academic and industrial research on
radio frequency integrated circuit (RFIC) design is driven by the commercial need to
support large data rate wireless communication accompanied by multiple
functionalities within a single consumer mobile device. There are many baseband
standards for wireless communication such as IEEE 802.11 that defines the parameters
and characteristics of the design to support such applications in the 2.4, 3.6, 5 and 60
GHz frequency bands. However, the cost of semiconductor fabrication in the state-of-
the-art process technology as well as the demand for smaller form factor of the final
product to support such high data rate RFIC transceiver design and to meet
specifications of various standards simultaneously becomes a challenging aspect for
the RFIC designers. Hence the re-configurability is evolving as a major keyword for
such “Smart” designs that can support various standards and functionalities by
changing the operating conditions of the same fabricated design using external
digital/analog control settings.

The amplifiers provide an excellent option for re-configurability in the RF
transceiver design such as control of the amplifier’s gain (amplification/attenuation),
center frequency, bandwidth, directionality (uni- or bi-directional), etc. The re-
configurability for amplifiers can be achieved by discretely or continuously changing
one of the design parameters by using the transistor switches such as the load
resistance, biasing voltage, biasing current, degeneration resistance, etc., that influence
the amplifier performance parameters. One such popular example for reconfigurable
design is the variable gain amplifier (VGA) circuit block that performs the key

function of varying the gain in accordance with either digital or analog gain control.
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The VGA is a key building block to control the gain of a RF transceiver chain to
maintain the link budget according to the baseband requirements and to support mobile
applications with dynamic transmitting and receiving signal strengths. The system
requirement of a generic VGA in the RF transceiver is to provide a seamless
(unchanged) integration with a minimum tolerance for the deviation of the impedance
matching, interface common mode dc, bandwidth, gain flatness, dc power
consumption, and stability over the entire VGA's gain control range.

As the level of integration for the modern day “Smart” mobile devices like the
cell phones, tablets, laptops, PDA, etc. against the same or compact form-factor results
in the limited silicon die area required for including and implementing the various
transceiver blocks to meet most of the standards. Hence a better alternative to alleviate
this constraint can be achieved by designing reconfigurable amplifier blocks which
have research potential with many possibilities like the multiple path selection, bi-
directional amplifiers, multi-band, etc. Such designs provide efficient silicon area
utilization and also low power consumption that reduces the demand on the battery life

of the final product.
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Chapter 1. Introduction

1.1. Introduction to reconfigurability and emphasis to amplifier design

This is the world of “Smart” devices including the smart phones, smart television,
smart automobiles, smart home, etc. The economy and research in the electronics
industry is being driven by this interest of the modern generation. This interest
transforms into integrating several functionalities and features into a single device as
well as to support mobile communications. To achieve such varying range of
functionalities requires that the design building blocks can support multi-band,
multimode and multi-standard RF transceivers. To increase the battery-life and also the
product form factor the building blocks must consume low DC power and have
compact design footprint. To simultaneously achieve both the support for various
functionalities (diversity) as well as improved performance (efficiency), one of the
most promising research option is the “reconfigurability”.

Reconfigurability is defined as a property of a system/design to configure/
program either by itself or by providing external controls and changing its behavior or
its operating conditions by reusing the same resources. By incorporating
reconfigurability, the building blocks of the smart devices can support large data-rate
wireless communication protocols and multiple functionalities within a single
consumer device by avoiding redesign and re-fabrication. This reconfigurability option
can also be used as a post-fabrication corrective option to achieve the best performance.

One of the main building blocks in the smart devices/wireless transceivers is the
“amplifiers” that can selectively improve the strength of the desired signals and filter
out the other unwanted signals. A general transceiver for wireless communication

needs to handle a variable signal strength at the receiver and the transmitter chain. This



is achieved by using the automatic gain control (AGC) block that provides a stable
output power level to the digital baseband processing section [1.1] as shown in the

Figure 1.1.
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Figure 1.1 RF transceiver with amplifiers and AGC block interfacing with baseband.

1.2. Motivation

As this research direction is been perceived in the electronics industry, to provide
a quick time-to-market as well as a uniform interface definition depending on the final
application of the product, several international standards [1.2] have been put forth
such as Wi-Fi (IEEE 802.11a/b/g/n), WiGig (IEEE 802.11ad), etc. as shown in the
Figure 1.2. In the past, to minimize the design efforts several application specific
integrated circuits (ASIC) were designed but their scope was limited to only that
application. With the design reconfigurability, there exists a scope to support multiple
standards, multiple modes and multi-functionalities by a single design. This greatly
reduces the form factor of the end product as well as cut down on the fabrication costs

involved in designing multiple building blocks.
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Along with the state-of-the-art advancement in the performances of the radio
frequency integrated circuits (RFIC) building blocks, the fabrication houses have also
shown a constant trend in shrinking the transistor device node that can support higher
frequency, low power and also operate at low voltages. In the past, only the I11-V
(GaAs pHEMT) semiconductor technology was used in designing such high frequency
RFICs. However, such process technology which was engineered to provide high
performance at the RF, involved complex fabrication steps and eventually resulted in
higher cost. Recently, the complementary metal oxide semiconductor (CMQOS) process
is evolving to support such high frequencies although with limitations due to the
device physics [1.3]. In parallel, the process supporting hetero-junction bipolar
transistors (HBT) along with the CMOS devices such as the silicon germanium (SiGe)
BiCMOS process have paved way for supporting the high density digital CMOS
integration with the RF high performance that can meet the requirements of the micro-
wave and millimeter-wave applications [1.4]. This SiGe process is based on the silicon

substrate with an epitaxial layer of germanium grown to form the hetero-junction base



region of the bipolar junction transistors (BJT). This improves the device performance
including the gain and noise characteristics and also provides an additional
improvement for high frequency designs by controlling the doping density of the base
even with an older process node dimension. Most of the implementation in this
research work is fabricated using the Tower Jazz Semiconductors 0.18 pum SiGe

BiCMOS process as well as Global Foundries 65nm CMOS process.

1.3. Objectives

By designing and verifying the reconfiguration capability of the RFIC amplifiers,
a design approach to simultaneously achieve both the support for various
functionalities (diversity) as well as improved performance (efficiency) is proposed in
this research work. Several amplifier design techniques are recommended and the
proposed amplifier reconfigurability is verified by on-wafer measurement of the
fabricated dice.

A typical amplifier has a frequency response as shown in Figure 1.3 that is
characterized by its gain (A), bandwidth (BW), center frequency (fc), directionality
(uni- or bi-directional), etc. This research work involved in the analysis of the
amplifier parameters that affect these performance characteristics and then provide
options in the form of switching (digital control) or fine tuning (analog control) by
external control signals. A more detailed illustration on the analysis and design

techniques is provided in the following chapters.
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1.4. Thesis Overview

This thesis presents design techniques along with verification by on-wafer
probing measurements for the various reconfigurable amplifier designs that are
fabricated using the Tower Jazz Semiconductor 0.18 um SiGe BiCMOS process and
the Global Foundries 65nm CMOS process.

Chapter 2 reviews the various types of amplifier reconfigurability options
including the control of the gain (amplification/attenuation), bandwidth, center
frequency (operating frequency range), directionality, phase shifters using vector
modulators, etc. This study is followed by the classifications of reconfigurable
amplifiers based on the modes of reconfigurability (digital, analog or mixed-mode
control), circuit parameters affecting reconfigurability (transconductance, load
resistance, etc.), active devices used in the design (I11-V pHEMT, SiGe HBT, CMOS,
etc.), frequency range (microwave, millimeter-wave, THz, etc.), transceiver mode
(receiver/transmitter), and the parameter control mode (current-mode or voltage-mode).
This chapter concludes with the desirable performance considerations of the

reconfigurable amplifiers.



Chapter 3 proposes some of the design evolutions of the variable gain amplifiers
(VGA) that incorporates several features to support its integration into a robust RF
transceiver without degrading the performance in this process. This chapter is derived
from the authors published works namely [A.1], [A.2], [A.4], [A.7], and [A.8]. This
chapter illustrates the design techniques and the circuit analysis involved with gain
control linearity (linear and dB-linear), DC offset cancellation (DCOC), temperature
compensation, on chip linearizer, common mode feedback (CMFB), gain-bandwidth
(GBW) extension, etc. This chapter also provides the details of circuit implementation
and the on-wafer measurement results.

Chapter 4 proposes a variable bandwidth VGA with a compact design
highlighting the current mode linear gain control along with a switch control to
activate or deactivate DCOC as well as a fine tuning control of the amplifier
bandwidth’s lower cutoff frequency. This design is fabricated in a 65nm CMOS
process and the work is published in [A.3].

Chapter 5 proposes a variable center frequency VGA by using a transformer
coupled load. This implementation gives a new dimension for designing multi-band
amplifiers. By using the Q-factor enhancement techniques an improved amplifier
power efficiency is achieved in this work. This work is based on a current reuse
differential amplifier design and this work is submitted for publication in [A.9].

Chapter 6 presents a variable directionality VGA that is designed based on the
bidirectional control by the amplifier power down control and low loss transmission
line matching. This design has two back-to-back connected 60 GHz low noise
amplifiers (LNA) providing an improved BW, low loss and NF performance and is
implemented by using the 65nm CMOS process. The work based on the on-wafer

measurement result of the standalone LNA is submitted for publication in [A.10].



Chapter 7 provides the thesis conclusion and also recommends the various

reconfigurability options for future work in this research direction.
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Chapter 2. Literature Review of the various types of amplifier

reconfigurability options

Amplifiers are needed in the wireless transceivers to boost the signal strength
overcoming the losses introduced by the signal path [2.1]-[2.13]. The amplifiers
provide gain to the input signal transforming the energy from a dc source. Such
amplifiers are characterized predominantly based on their frequency domain response

as follows.

2.1. Types of Amplifier reconfigurability
2.1.1. Gain (Amplification/Attenuation)

VGA is a key radio frequency frontend building block that supports mobile
communication of wireless transceivers [2.14]-[2.26]. The range of VGA gain control
also determines the receiver input dynamic range that provides a stable regulated
power to the baseband chipset. The research drive for recent RFIC design is to focus
on high data rate communication in giga-bit per second (Gbps) range. Hence the VGA
that interfaces with the baseband may need to support large bandwidth. As the state-of-
the-art improves, the supported applications as well as the design density for system
integration of the RF transceivers also gradually increasing towards System-on-chip
(SoC) solutions.

For the proposed VGA to be integrated in a compact transceiver system, it is
desirable to have certain enhanced features such as low dc power consumption, small
die area, impedance matching achieved at input and output ports, less sensitive to

Process-Voltage-Temperature (PVT) variations, high linearity performance for both



RF signal input as well as gain control input, good wideband gain-flatness, and easy
interface to digital baseband which are independent of a stable gain control.

Based on the modes for gain control, the VGA can be classified as analog gain
control (VGA) [2.14]-[2.22] and discrete or digital gain control VGA (DVGA) or
programmable gain amplifier (PGA) [2.23]-[2.26]. In analog VGA the digital
baseband requires an additional digital to analog converter (DAC) to control the gain
variation that eventually increases circuit complexity. DVGA can be directly interfaced
with the digital baseband without the need for DAC.

A DVGA can be implemented at circuit level by switching between fixed gain
amplifier stages [2.24] or by using a binary weighted array of passive or active circuit
components selected discretely using transistor switches [2.23], [2.25], [2.26]. The
switching gain stage DVGA consumes large die area due to circuit duplication, while
the DVGA with switching circuit components are compact and consuming less gain

control linearity errors.

Linearizer:

One of the desirable quality of an amplifier is high linearity performance, which
determines the maximum signal level that can be amplified without output signal
distortion. The linearity performance in the RF receiver chain ensures a large dynamic
range and in the RF transmitter chain ensures long communication distance. This
output signal distortion is caused due to large input signal resulting in the circuit
components entering their non-linear operating region. To improve linearity of the
amplifier, a diode-connected linearizer is used in power amplifier designs [2.27]-[2.29].

Although they require reference voltages to bias the linearizer diode that are higher



than supply voltage. It is desirable that the DVGA supports large signal amplitudes

without saturation and in this process consumes low dc power.

GBW enhancement:

To support low power applications the process node as well as the supply voltage
are gradually down-scaled. This limits the gain of a single amplifier stage. Hence to
increase the gain without increase in the supply voltage we need to implement the
multi-stage cascaded amplifier topology. Theoretically the cascaded identical amplifier
stages [2.30] provides the desirable increased gain shown in (2.1) but at the expense of

shrinking the bandwidth determined by the number of cascaded stages given by (2.2).

(SR - @y
o)
o = wy N2V —1 (2.2)

where, the gain and bandwidth of the overall cascaded amplifier are A; and @, which
consists of n identical stages with A, and «, as the individual stage gain and bandwidth,

respectively.

By incorporating interconnect stage with gain peaking such as the resistor-
inductor-capacitor (RLC) bandpass network [2.31], peaking inductors [2.32], on-chip
transformers [2.34]-[2.35] and also by using wideband distributed amplifiers [2.33], an
enhanced bandwidth can be achieved. However this enhancement techniques results in
large die area and also affects the pass-band gain flatness and in some cases result in
system instability. One of the possibilities with small die area is to replace inductors

with resistor-capacitor (RC) bandpass networks which is proposed in chapter 3.
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In chapter 3, the proposed design is a high performance DVGA based on digital
gain control by using SiGe BiCMOS HBT as the amplifying device and the amplifier
transconductance is varied by using NMOS switches as current mirrors. In this chapter
a detailed design consideration based on the low cost, compact size, good linearity, and
less temperature sensitive digitally controlled variable gain amplifier (DVGA) with
integrated dB-linearizer, passive dc offset cancellation and transimpedance load based
linearizer is studied and developed. By employing bipolar transistors in current mirror
configuration and by canceling the effect of the thermal voltage (Vr) across the
transistor's base-emitter junction, a temperature compensated DVGA core along with a
good dB-linear characteristics is achieved in this design. To enhance the gain control
range as well as increased gain bandwidth product, the proposed PGA consisting of
two identical cascaded DVGA core and a fixed gain post amplifier with differential
RC interconnect networks are theoretically analyzed and experimentally verified by
on-wafer probing measurements. Additionally, by implementing the current mode gain
control technique that improves the accuracy of proposed PGA’s dB-linear gain steps
and the as well as limits the rail-to-rail dc current reducing the overall dc power

consumption as compared to the existing state-of-the-art.

2.1.2. Bandwidth

Bandwidth is defined as the range of frequencies that has the amplifier gain
above half the peak gain. In this frequency range the amplifier gain flatness is to be
maintained to avoid any instabilities or spurious frequency components. The variable
bandwidth amplifiers are proposed to provide a tradeoff between the wideband signal
amplification to support large data-rate applications as well narrowband designs with

improved frequency selectivity to reject any nearby interference signals [2.30].
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The dc component in baseband spectrum along with manufacturing mismatches
in differential pair results in offset amplification that may saturate the following stages
in baseband circuitry and also introduce non-linearity effects [2.36]. There are various
circuit methods to overcome the dc offset, specifically by implementing dc offset
canceller (DCOC) such as, feedback offset cancellation [2.18], [2.43] using low pass
filters (LPF), and feed-forward offset cancellation [A.4] using ac coupling between the
stages by large decoupling capacitors [2.44]. The DCOC can also be achieved by
complex digital signal processing (DSP) offset cancellation technique [A.8] which is
based on feedback obtained from the digital baseband by tracking the average signal
value. It is a complicated approach consuming more dc power and die area [A.8].
Therefore, a low loss, low power, and compact DCOC becomes essential for VGA
designs.

As a comparison among the passive (resistors and capacitors) DCOC, RC-LPF
with a same cutoff frequency has larger passband insertion loss than high pass filter
(RC-HPF) equivalent DCOC. This is mainly due to the large filter resistor of RC-LPF
that appears in series along the signal path. For increased dc offset suppression using
RC-LPF in the feedback DCOC, the amplitude of dc component filtered out by the
LPF must be equal to the dc component of the input signal. To achieve the required
loop gain at dc (0 Hz frequency), high gain amplifiers are incorporated in the DCOC
loop [2.18], [2.43], [A.4]. The amplifiers compensates for the loss due to feedback
LPF and effectively cancels the dc offsets. However, such high gain amplifiers
consume additional dc power. Hence a RC-HPF based DCOC is proposed and
described in Chapter 3 but comes with the trade-off of additional die area.

To prevent this increased area utilization of RC-HPF DCOC, a CMOS high gain

VGA is proposed in Chapter 4 that can provide a dc rejection by using the dc offset
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cancellation (DCOC) by feedback low pass filtering (LPF). By providing a higher
DCOC cutoff frequency as a band pass filter (BPF) response, a good dc offset
suppression can be achieved to meet the BER requirement of the specified baseband
standard [2.37].

For a majority of baseband communication standards [2.36], at the receiver chain,
a high signal to noise ratio (SNR) at the baseband is a critical specification. Due to a
higher DCOC corner frequency [2.41], the signal in baseband spectrum close to dc
[2.37] are lost and hence the SNR gets degraded. Conversely, a lower cutoff frequency
close to dc results in an ineffective dc offset cancellation. To provide a better
compromise between these two complementary circuit requirements such as BER and
SNR from the baseband standards, many reconfigurable RF frontend to BB interface
techniques are proposed in the literature such as digitally switching VGAs with and
without DCOC [2.38], by using active amplifier based RC filters with switched
capacitors [2.39], by using channel-select dual-mode filters that switch between
complex high order LPF and BPF transfer functions implemented by operational
amplifier based auto-tuned RC filters [2.40], by using lumped RC arrays that are
switched digitally for tuning filter cut-off values [2.41] and also by using current-mode
programmable complex OPAMP based integrator [2.42]. However, there are some
limitations for such works namely redundancy due to duplicated circuitry leading to
large die area, increased circuit complexity involving high order filters, high dc power
consumption by the active filters and additional signal insertion losses with delays in
the RF signal path introduced by the parasitic components.

In Chapter 4, a CMOS based VGA is the proposed that provides a flexibility of
digitally turning ON/OFF the DCOC functionality by using a digital switchable

feedback amplifier along with an analog voltage continuously controlled filter lower
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cutoff frequency that can provide an enhanced compromise between the contrasting
baseband SNR and BER requirements. Hence this reconfigurable capability along with
variable gain control can support multi-standard baseband [2.36] interface that can
easily switch between direct conversion receiver (DCR) i.e. zero-IF (direct conversion

scheme) and tunable low-1F (superheterodyne) receiver topology schemes [2.40].

2.1.3. Center frequency (operating frequency range)

The rising demand for the short-range high-speed wireless communication
systems in the recent decades have motivated the research work of radio frequency
(RF) integrated transceiver design for the diversified K-band (18-27 GHz) and Ka-
band (26.5— 40 GHz) applications including the wireless sensor network (WSN) [2.46],
the 24 GHz Industrial Scientific and Medical (ISM) band for gigabit-per-second
wireless network solution [2.45], the local multipoint distribution service (LMDS) for
wireless point-to-multipoint communication (27.5-29.5GHz) [2.48] and also the short-
range automotive radar applications (22-29 GHz) for anti-collision detection [2.46],
[2.49], [2.50]. This requires multiple designs operating at different center frequencies
to be included within the same system. Hence resulting in increased die area and
design duplication. An efficient way of switching circuit components that can switch
center frequency of the operating frequency range of the transceiver becomes desirable.

The most power consuming section in a RF transceiver is the transmitter and in
particular, the power amplifier (PA). A critical design requirement for mobile
applications is how the PA can efficiently convert the input and dc power to the RF
output power which directly translates into a low product cost and a long battery life,
besides delivering high output power and power added efficiency (PAE), the PA

linearity is another important requirement that preserves the signal integrity with less
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distortion. The design of PAs often involves the tradeoff between the efficiency and
linearity.

The alternative choice is the CMOS process. However, the CMOS transistors
have limited power handling capability and as the operating frequency increases
towards GHz range and above, the amplifying device size becomes smaller for reduced
parasitic, higher fr and lower Vpeo. As discussed in [2.51], the output power level
increases with increase in the supply voltage of the output stage. To simultaneously
mitigate the device limitation of low Ve and support a large supply voltage that
increases the output power, a stacked amplifier design using the dc current reuse
technique was proposed in [2.52]. However, a large form factor of the battery is
required to support such large supply voltage. This limitation of the CMOS PA can be
simplified by using several design techniques. One such design technique is the
switched mode PA in which the circuit operation adapts dynamically, based on the
instantaneous characteristics (amplitude, phase, frequency) of the input signal such as
the Class E in [2.53] and Class FY/F in [2.51] that minimizes power in the amplifying
transistors by avoiding overlap between the current and voltage waveforms by using
digital ON/OFF switches. However, such designs require special linearization
techniques to overcome the non-linearity introduced by the harmonics of the switching
distorted output waveforms. In contrast, the CMOS PA based on continuous power
control such as the adaptive biasing technique implemented in [2.54] and by using load
impedance modulation technique of the Doherty PA in [2.55], where gain compression
of the main amplifier operating in the Class AB mode is compensated by the gain
expansion of an auxiliary amplifier operating in Class C mode to improve the overall
linearity. However, these PA design techniques involve additional large dynamic range

complex circuitry that consumes dc power.
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To support the recent CMOS technology that can tolerate small signal swings,
some of the power combining solutions are proposed, as the PA efficiency
enhancement techniques, such as using transformers [2.56], [2.57], Wilkinson couplers
[2.58], thin-film micro-strip lines [2.59], and the transmission lines [2.60] as the power
splitter/combiner (with input signal distributed to multiple parallel PA stages and their
outputs combined). This technique involves large die area. Another implementation
technique to enhance PA efficiency is to reduce the losses involved in the passive
components by implementing them as distributed equivalents in the physical layout
such as the substrate-shielded coplanar waveguide (CPW) structures [2.61],
transmission line transformers (TLT) [2.47] and the substrate-shielded microstrip-lines
(MSL) [2.50], [2.62]. However, these distributed structures also increase the die area.

By using reverse body bias in [2.63], to reduce the leakage current of the reverse
biased parasitic diodes that are formed between the substrate and the source terminal
of the sub-micrometer CMOS devices, the dc power dissipation loss can be reduced
and eventually improve the PA efficiency. However, this technique requires a negative
voltage which has to be externally supplied or internally (on-chip) generated.

In chapter 5, a SiGe BiCMOS based dual-band (K-band/Ka-band) high power
efficient differential amplifier with a hybrid solution of both a variable gain and a
tunable center frequency is proposed, implemented and verified experimentally. The
proposed design improves the power efficiency by simultaneously reducing the overall
dc power consumption (using the stacked architecture with dc current reuse technique)
and improving the amplifier linearity (using a high quality factor transformer coupled
load) that increases the output signal swing and the power level. Additionally, the
proposed 2-stage stacked amplifier achieves frequency band re-configurability together

with the load inductance Q enhancement by using a tank circuit (consisting of a 2-coil
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monolithic transformer coupled with a MOS varactor bank) as the tunable amplifier
load. By using digital re-configurability and frequency band switching, the proposed
design provides a wideband gain flatness that can support multiple K-band standards.
A qualitative design analysis of the proposed frequency tunable digitally controlled
variable gain amplifier (DVGA) addressing the various system considerations are

discussed in this chapter.
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Figure 2.1 Amplifier with band switching.

2.1.4. Directionality (Uni- or bi-directional)

Most of the RF transceivers incorporated in the phase arrays to achieve beam
forming and beam scanning in the radar and defense communication systems are
constrained by the silicon form-factor mainly due to the transceiver’s footprint
duplication as shown in Figure 2.2 (a). One of the options to reduce the transceiver
footprint is to combine both the transmitter and receiver chain with bi-direction signal
flow capability [2.7] as shown in Figure 2.2 (b). Although the mixer design that
converts frequency between RF and baseband (BB) frequency can be implemented by
using passive components which will have conversion loss but can achieve bi-direction
frequency conversion capability [2.8]. Somehow if the amplifiers at the RF frontend as
well as the baseband amplifiers have bi-directional capability then the overall
transceiver can be reduced to a single chain (saves one antenna) and just by using a

digital configuration pin can operate as either transmitter or receiver [2.9]. But unlike
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the passive mixer design, the bi-directional amplifiers (BDA) require active
components for achieving amplification which are uni-directional devices. A detailed
analysis on the design constrained and the limitation of such BDA are discussed in

Chapter 6 based on a design fabricated in 65nm CMQOS process.
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Figure 2.2 (a) Transceiver with separate transmitter and receiver chain (b) Bi-

directional transceiver with single chain.

2.1.5. Phase shifters using vector modulator based on VGA

The phase arrays discussed in [2.7] mainly consists of a matrix comprising of
several cascaded chains of RF transceivers and phase shifters. Phase shifters can be
implemented in several ways and one of the options incorporating VGA is the vector
modulators as shown in the Figure 2.3. The phase of the input x(t) is modified by the
tan}(Q/1) term which are determined by the gain of VGAs (I and Q). The limitation of

this design is the amplitude balance between the two VGAs.
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Figure 2.3 Vector Modulator.



2.2. Classifications of reconfigurable amplifiers
The reconfigurable amplifiers can be classified based on the following

considerations.

2.2.1. Modes of reconfigurability - Digital and Analog control

Depending on the application requirement and the desired resolution of the
reconfigurable parameters as discussed in section 2.1, the variation can be provided as
discrete (digital) or continuous (analog) function of the control signal. It can be
achieved by discretely or continuously varying one or more of the amplifier design
parameters using controllable switches that can select or tune active or passive circuit
component values that mainly influence the reconfigurable amplifier performance
parameters. For the digital control the parameter control transistor is used as a switch
and operated in the saturation or cut-off regions while for the analog control the

parameter control transistor is operated in the linear region as shown in the Figure 2.4.
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Figure 2.4 Control mode of reconfigurability.
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2.2.2. Circuit parameters affecting reconfigurability

Reconfigurability in amplifiers can be achieved by discretely or continuously
varying one or more of the amplifier design parameters using controllable switches
that can select or tune either the load resistance, biasing voltage, biasing current,
degeneration resistance or the transistor size, that mainly influence the amplifier
performance parameters. A more detailed analysis is discussed in the following

chapters.

2.2.3. Active devices used in the design

With the invention of semiconductor transistors the integrated electronics
evolved and by device down-scaling the level of integration increased over the past
several decades. Transistors are the most critical design components used in amplifiers
and their characteristics mainly determine the amplifier performance. For utilizing the
transistors in high frequency wireless transceiver amplifiers, they must be engineered
to meet certain desirable characteristics namely provide device gain for a wide
frequency range, consume low DC power, handle wide signal levels, temperatures, low
noise, etc. In the past, only the IlI-V (GaAs pHEMT) technology was used in
designing such high frequency amplifiers as it was engineered to provide high
performance by involving complex fabrication steps and eventually resulted in higher
cost [2.10]. Recently, the complementary metal oxide semiconductor (CMOS) process
has evolved as a contender for the high frequency amplifier designs although with
limitations due to the device physics [2.11]. In parallel, the silicon germanium (SiGe)
BiCMOS process combining the devices to support high power namely the hetero-
junction bipolar transistors (HBT) along with the CMOS devices for high density

digital integration with the RF high performance can meet the requirements of the
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micro-wave and millimeter-wave applications [1.4]. This SiGe process is based on the
silicon substrate with an epitaxial layer of germanium grown to form the hetero-
junction base region improves the device performance including the gain and noise
characteristics and also provides an additional improvement for high frequency designs.
Most of the implementation in this proposed research work are either fabricated using
the Tower Jazz Semiconductors 0.18 um SiGe BICMOS process or in Global

Foundries 65nm CMOS process.

2.2.4. Transceiver mode — Rx/Tx

The amplifier requirements for transmitter and receiver chain varies and are
usually complementary with each other. The amplifiers used in transmitter chain must
have high linearity and be able to handle large signals and increased temperature [2.12].
In contrast, the amplifiers in the receiver chain must be sensitive to small received
signals and must suppress the noise signals. Hence the noise performance becomes a
crucial aspect for such receiver amplifiers [2.13]. Hence designers must ensure these

aspects while incorporating the reconfigurability to such amplifiers.

2.3. Performance considerations of reconfigurable amplifiers

The most critical consideration of the reconfigurable amplifiers is that the
amplifier performance parameters must not be significantly altered after introducing
the reconfiguration. The most desirable performance parameters that have to be
additionally considered for amplifiers used in the RF transceivers are low DC power
consumption, input/output impedance matching for improved power transfer,

unconditional stability, compact die size, easy reconfigurability, insensitive to PVT
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(process-voltage-temperature) variations, high linearity to both RF input as well as the

gain control input, wide bandwidth and passband gain-flatness.

The following chapters discusses in detail about the various proposed
reconfigurable design techniques that are analyzed mathematically and the findings are

verified using on-wafer measurement results.
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Chapter 3. Variable gain amplifier (VGA) design

A well-known reconfigurability option of amplifier is the variable gain
amplifiers (VGA) and was designed several decades before for incorporating them into
AGC blocks [3.1], [3.2]. We can illustrate the VGA gain control by considering a

typical amplifier topology as shown in Figure 3.1.

VDD

RLOAD

ON/OFF $ _>$

Vour Digital Control (Switch)

VvV
IN (
L
VCTRL
Rbecen.
Amplifier — Analog Control (Continuous)

Figure 3.1 Typical admplifier topology to support variable gain.

The gain of such a typical amplifier is defined as,

9w Riomo
A = (3.1)
(1+ On R DEGEN )

where, gm is the transconductance, Rioap is the load resistance and Rpecen is the
degeneration resistance. The transconductance is a function of the amplifying

transistor size and the bias operating condition given as,
g9,,=f (BIAS, (W/L)) 3.2)
The gain control can be achieved by discretely (digitally variable gain amplifier
(DVGA) or programmable gain amplifier (PGA)) or continuously varying (VGA) one

or more of the amplifier design parameters using controllable switches that can select
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or tune either the load resistance, biasing voltage, biasing current, degeneration
resistance or the transistor size, that mainly influence the amplifier performance
parameters. Similarly, along with the amplification control even variable attenuation
control can be achieved in the same design.

The research work on VGA had started many decades ago [3.1] and is even
today a topic of research interest. Based on the gain variation techniques we can
classify them mainly as analog VGA and digital VGA (DVGA) or PGA. The analog
VGA requires additional digital to analog converter (DAC) to acquire the gain control
information from the digital baseband. Meanwhile the DVGA can be implemented
either by switching between fixed gain stages or by switching discretely using binary
weighted arrays of active (transistors or varactors) or passive (resistors or capacitors)
circuit components. The former type of DVGA requires redundant die area due to

circuit layout replication.

RF Baseband
Frontend
_Thiswork >

) :/ N 2 E ADC,
— i filtering,
RF | | pGA l and
Mixer i A | Baseband
5 i [ : processing

SPI (ilave) ’ SPI (Master )

Registers

Figure 3.2 Practical application of PGA in a digital AGC.

Based on the desirable performance characteristics of a PGA, this chapter
provides circuit analysis as well as the on-wafer measurement results taking into
consideration the proposed PGA (consisting of DVGA core and post amplifier) design
which has evolved from their previous version [A.4]. The PGA is mainly designed to

interface the RF front-end with the baseband section. By using the digital AGC the
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output power to the baseband section ADC is almost fixed to a predetermined power
level to minimize the dynamic range requirement of the circuits at the baseband. This

is illustrated in Figure 3.2.

dB-Linearity: Practically gain is expressed in decibel (dB) scale which has a

logarithmic equation defined as,

A, |dB =20-log,,(A, )=20- Ioglo{(l_'_g n Riom } (3.3)

m’ R DEGEN )
where, gm is transconductance, Rioap is load resistance and Rpecen IS degeneration

resistance of a typical amplifier topology. By design, we can achieve g, - Rpgeey << 1,

R, oap @S CONstant and g,,as an exponential function of a parameter such as “x”, then
the gain in dB (A\,|dB) will become directly proportional to the exponential parameter

(x). This property of gain control is called linear-in-decibel or dB-linearity.

Although the state-of-art VGA designed in CMOS process [3.2]-[3.4], [3.6]-
[3.11], [3.13], [3.14] have a few advantages, such as the large dynamic range with low
power consumption, they also possess the transconductance [3.8] with square law

characteristics as,

ol
9 m.cmos =P = \/218 ID (3.4)

oV
where, I is the bias drain current and V. is gate to source voltage, with g as MOS

transistor parameter.

A CMOS based VGA design demonstrating a linear gain control variation
without dB-linearity, yet achieving a large gain control range and wide bandwidth
performance is proposed and analyzed in Chapter 4.

To achieve dB-linear gain variation, the CMOS DVGA requires additional
pseudo-exponential conversion circuits. The DVGA is based on the bipolar devices
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which have exponential transconductance characteristic based on the bias voltage (V,,)

and linear transconductance characteristic based on the bias current (1) as,

%)
Sley 1y

|
= = g = cT 35
I eor oV, n-V; n-V; (35

The BJT bias voltage cannot be precisely controlled while the bias current using
current mirrors can be controlled precisely. Hence we need an exponential current
conversion to achieve a precise dB-linear gain control design by varying the bias
current using digital switches.

The temperature compensation by using the biasing voltage prediction [3.7] and
the stabilization of circuit parameters affected by temperature [3.8-3.10] results in
increased circuit complexity. For low power applications, an uncomplicated design
consuming low power becomes essential for a temperature insensitive VGA as

described in the proposed DVGA of this Chapter.

3.1. Topology and analysis

f a
[11to8dB] | "R ) [-11to8dB] 1 TR [+16dB]
e N/ i c I NG, i c L I oo
Vin DVGA Core> ! . |DVGA Core> ! . Vour
! R [ ! R i |Amplifier
#1 L MAA ! #2 LA
/\ 1 : /\ | :
=0 : C ] : C ] / o4
2 e R
L I ¥ - AT This work )
Digital Gain o
+1®  Interconnect st
control bits nterconnect stage

Figure 3.3 Block diagram of the proposed PGA.

34



The proposed PGA as shown in Figure 3.3 has a fully differential three stage
cascaded topology with two identical DVGA cores, a post fixed gain amplifier stage
and RC interconnect networks with a symmetric RF signal path. Each of the DVGA
core is a 6-bit dB-linear low power digitally controlled -11 to +8 dB DVGA with on-
chip dc offset cancellation (DCOC). The corresponding gain control bits Bs~Bo of both
the DVGA cores are shorted in pairs to provide an overall 6-bit programmable gain
control for the PGA. The post amplifier design is based on the similar topology as
DVGA core and provides a +16 dB fixed gain with DCOC capability.

The sequence of the PGA sub-blocks are arranged carefully taking into
consideration the RF receiver frontend to the baseband interface requirement of
providing a undistorted regulated power level over a large receiver input dynamic
range. This application requirement based on the PGA linearity specification translates
into a gain independent output 1-dB gain compression point (OP14g) over the entire
bandwidth and gain control range with the gain difference reflected in the input 1-dB
compression point (IP1gg). For simplifying the circuit analysis we assume that the non-
linearity contribution from the RC interconnect stages are negligible and are later
verified by the measurement results discussed in the sub-section 3.4. The
determination of the overall OP1g4s is not straightforward, since the characteristic curve
depends on the amplifying devices that transits earlier from the linear operation into
saturation region which is also reflected by the overall OP14g Of the proposed PGA.
Hence we can estimate the overall OP14s by converting back and forth between the
input power and OP14g Values with one stage at a time over the entire cascaded chain.

We analyze the circuit building blocks of the proposed PGA mainly the DVGA

core, since the post amplifier performance is just a special case of fixed maximum gain
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of the DVGA core. The mainly gain control of the overall PGA can be derived by the

operating principle of the DVGA cores embedded in the cascaded PGA chain.

RF Signal forward path

+o \ \Z /\H/PF \ o -
INPUT Ampn® gGA> X, Buff> CMFB | OUTPUT
. / ore % / I——
Linearizer /FET bcoc

Exponential
sandgap ls Current
Reference

Converter

. . ICTRL
Digital Gain B5 E_> Linear Binary
control bits | gg - Current Converter,

Figure 3.4 Block diagram of the proposed DVGA core.

\J

The proposed DVGA core topology is a fully differential 3-stage cascaded
amplifier as shown in Figure 3.4. The input fixed gain amplifier stage is a common-
base (CB) amplifier that provides a stable low impedance input matching which is
independent of gain control. Similarly, output buffer is a common-collector (CC)
configuration and provides a low output impedance that is independent of gain control.
The VGA core is a common-emitter (CE) stage responsible for providing the variable
gain control which is reflected across the 3-stage design. The gain is controlled by a
gain control current (ler) that in turn varies the amplifier transconductance as discussed
in (3.5). Additionally, there are several blocks namely DC offset cancellation (DCOC),
common mode feedback (CMFB), exponential current converter, linear binary current
converter and the linearizer whose functionality are discussed in the following sub-

sections.
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3.2. Circuit analysis of the overall PGA
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Figure 3.5 Circuit schematic of proposed PGA (DVGA core and post amplifier).

The circuit schematic of the proposed PGA design is given in Figure 3.5 along
with the circuit for the DVGA core and post amplifier used in the final PGA design.
The PGA stages are biased by using current mirrors from a bandgap reference. This
design supports power down functionality by using a digital pin PD. The input stage
has the transimpedance load used as the linearizer and the buffer stage has a feed-
forward DCOC implemented as high pass filter (HPF) located at the input and CMFB
at the output portion. The linear binary current converter acts as a current mode DAC
which is implemented by using MOS switches and current mirrors obtained from the

bandgap reference. The exponential current converter is the block that generates
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exponential gain control current variation from the current derived from the linear
binary current converter. The post amplifier has the same topology as the DVGA core
except for the Igias of the VGA core which has fixed current sink. This post amplifier

is used only in the third DVGA design for gain bandwidth enhancement.

3.2.1. Small signal and frequency response

The small signal gain frequency response of the proposed DVGA core, is
considered based on the half circuit AC equivalent of the CE variable gain stage (VGA

core) as shown in Figure 3.6 (a) and the hybrid-r model in Figure 3.6 (b).

=
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i =Ry S c oltage gain
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Figure 3.6 Half circuit of CE amplifier stage with DCOC (a) AC equivalent circuit (b)

hybrid-m model (¢) frequency response.

The gain variation contribution of the input CB (fixed gain amplifier) and the
output CC (buffer) stages on the frequency response can be ignored. Since the peaking

capacitor is for half circuit implementation is taken the value of 2xc3and Rr_ is the

input resistance of the emitter follower buffer.
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The frequency response shown in Figure 3.6 (c) is due to dominant pole and zero

obtained from the DCOC and the gain-peaking capacitor, c,. At low frequencies, the

contribution of the transistor parasitic capacitors (c and c,) can be ignored to obtain

the low frequency small signal gain,

CoRIRIR) S st j

E

A/(S)_T)_ 1
“S'{ RN +)(p+1)} C RIIR } R||R R)

(3.6)

The poles and zeroes from (26) are,

f,, =22 _0 3.7)
2z
fo, = 1 ~1.4x10° Hz (3.8)
"o2r G [RIR)HR] T .
1 9
,, = ————— ~1.3x10° Hz (3.9)
27 -R: - Cp
1 9
~1.6x10° Hz (3.10)

o Co-[Rell(r, +1,)/(B+1)]

The zero 1, provides an initial launch with a gain slope = 6-dB/octave of the
frequency response plot with a high pass filter response until the pole frequency ., is
reached. Then on, the mid-band flat gain response with gain A, proceeds towards the
high frequency pole (along the dashed line) at f,,. The parasitic capacitors (c and c,)

of the transistor pair Q5/Q6 and the interconnects then decreases the gain at high

frequencies from ¢, onwards given in (3.11).
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oy = 1 ~18x10°Hz  (3.11)
27-[C. +C, -+ 90 R IR R 1)

Due to peaking capacitor ¢, included in the design, an additional zero at f,, is
introduced which initiates the peaking and the parasitic capacitors of the transistor pair
Q5/Q6 along with the interconnect losses then drops the gain from ¢, (3.11) onwards.
The contribution of the second pole at f,, depends on the value of the parasitics of the

transistors and eventually rolls the gain downwards into the stop band. As a result of

incorporating the peaking capacitor c,in the design an increase in the 3-dB bandwidth

of the proposed DVGA is observed as shown in Figure 3.6 (c) at the upper cutoff
frequency. However the lower cutoff frequency of the DVGA is predominantly

determined by the pole at f,, which mainly depends on the DCOC components and
the input resistance of the output buffer, r which is described in the following section
3.2.6. The first pole at f, can be moved to a lower frequency by either increasing
capacitance c_at the cost of increased die area or by increasing r, (limited by Rr, )

resistance that may affect the biasing of the output buffer or by increasing load

resistance r, which by (3.11) may reduce the upper cutoff frequency, f,, of the DVGA.
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3.2.2. Gain control linearity (dB-Linearity) of DVGA core
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Figure 3.7 VGA core dB-linear gain control without and with temperature

compensation.

The operating principle of the VGA core is determined by the small signal gain

characteristics discussed in the previous sub-section 3.2.1 and is obtained from the

variable transconductance ( g, ) of amplifier by controlling the biasing current (1, ).

For enhancing the input dynamic range of the DVGA core by compensating for

the signal strength variations caused by the wireless/wired communication channel, a

linear-in-decibel (dB-linearity) gain control is desirable. Additionally, such dB-linear

gain control improves the settling time of the AGC as explained in [2.2]. The proposed

DVGA core claims to achieve dB-linearity by using simple circuit design

improvement over the initial linear gain control. The relation between the VGA core’s

gain and the gain control biasing current is depicted in (3.12) and (3.13) as,
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A = Oms.6 - R9,10 (3.12)

where, R,,, is the VGA core’s load resistance and g, is the transconductance of the

9,10

amplifying transistor pair Q5/Q6 given as,

§ICT a > n
=2l % NB 2 3.13
| > §Vbe 77VT |:§ j| ( )

where the common base current amplification factor defined as «, the ideality
factor as » and the thermal voltage v, are model parameters indicated for the transistor
pair Q5/Q6, | (n = 0 to 5) are the constant current coefficients of the estimated linear
gain function, B, (n = 0 to 5) are the digital bit coded value (either '1' or '0°) received
from the digital baseband SPI control as shown in Fig 3.2 and | is the DC current
corresponding to minimum gain when all the digital control bits B_ are reset (= ‘0).

The transconductance g, ., from (3.13) implies that a linear variation of gain
associated with the 6-bit digital gain control word (Bs~Bo) can be verified in DVGA
core design 1. Since the variable emitter biasing current |_ (shown in Figure 3.7)

controls the transconductance g, Which can be derived from the bandgap reference

as v, the gain (A ) also becomes insensitive to the temperature variations.

bias2 !

The VGA core’s gain from (3.12) in decibel (dB) is given as,
A,,dB =20-109,((9 s Re10) (3.14)
From (3.14), the VGA core gain A dB is a logarithmic function of the gain
control current_ though the gmse. Although the gain control block in [A.4] has a

good temperature insensitive gain variation as shown in Figure 3.8, it does not possess
the dB-linearity characteristics. In order to increase the DVGA core’s dynamic range
and to provide a minimum dB-linear error, the above mentioned gain control block is
enhanced by including an exponential current converter block based on HBT as shown
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in Figure 3.7, and the circuit performing the exponential current conversion is

considered as the proposed dB-linearizer, to convert the linear current | into

exponential gain control current_, .
The proposed dB-linearizer block comprises of bipolar transistor pair (Q9/Q10)
connected as current mirror. The voltage drop acrossr, (by neglecting 1, ) is given as,
AVge =1 Rig =Vge 10—V o (3.15)

The exponential gain control current obtained as |, is deduced as,

IH:MEW .10

10

By using equations (3.13) in (3.14) with n ~1 anda ~1, VGA gain is given as,

A, dB =20- Ioglo(i/i' R9,10] (3.17)

T

By using (3.16) in (3.17), we get,

A,dB =K, -1, +20-10g,,(K, 1) (3.18)
.R_. R
where, K, =(20 Rli/ Iogme] and K, =(109</° J
T Vr

Both the above mentioned terms in (3.18) are functions of |, and hence
differentiating (3.18) by 1,, we get,

oA 0B _ K, +—20 (3.19)
ol I,y -log,10

From (3.19), the first term K1 indicating that dB-linearity is the dominating term
for the DVGA core’s gain control and the contribution of the second term becomes
trivial. This dB-linear gain control characteristics is further emphasized by the

measurement results discussed in the sub-section 3.2.6.
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This additional circuit shown in Figure 3.7, as the exponential current converter,
has very few circuit components that significantly improves the DVGA core’s dB-
linearity along with consuming a low DC power and a small die area. Since the
exponential current conversion is accomplished by just using a bipolar junction
transistor pair with a resistance, the inherent temperature sensitivity of the PN junction
potential appears and this needs for a temperature compensation as illustrated in the

following sub-section 3.2.3.

3.2.3. Temperature compensation

The DVGA core (without dB-linearity) has the gain control biasing current_

derived directly from the bandgap reference (BGR) and hence the DVGA core’s gain

is less temperature sensitive as shown by the simulation plot in Figure 3.8.

15
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Binary (6-bit gain control) to decimal
Figure 3.8 Simulated gain characteristics against temperature for DVGA without dB-

Linearizer.

Unlike the proposed dB-linear DVGA core as shown in Figure 3.7, the

temperature independent currents 1., and 1., are derived directly from the bandgap
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reference, due to the temperature dependency of the bipolar junction devices discussed

previously in the exponential current converter, the gain control biasing current |_.

eventually becomes temperature sensitive. The low resistivity unsalicided polysilicon
resistor from the process design kit (PDK) that is used in this proposed design has very
small temperature coefficient [1.4], and hence resistance sensitivity against

temperature (T ) can be neglected in this temperature analysis as,

ORis  Powo g (3.20)

~

oT oT

From (3.16), temperature (T ) variation resulting in variation of the biasing

current is given as,

IinRis lin-Ris
Ol _ 1 .e[vTj.é‘lm n I - Ris ,e(VT], V. &J_| E (3.21)
—— 10 T IN q

ST ST 10V ST

Hence we can deduce that the most temperature sensitive block of the proposed
DVGA core is the exponential current conversion and care must be ensured to nullify
the temperature sensitivity of this block without any further complication in the design.
The condition for the temperature insensitivity is given as,

Oler
oT

~0 (3.22)

As an assumption, if the first term of (3.21) is insignificant, then (3.22) becomes,

IIN'RIS
(llN'Rﬁj.e[ vr j,(VTé]J_hN E)zo (3.23)
q

10-V; ST

Hence reduces to,

=N (3.24)

From (3.24), for achieving temperature compensation of the gain control current

it is obvious that the current |, has to be derived/mirrored from a proportional to

IET

45



absolute temperature (PTAT) current source. By design of the bandgap reference there

are temperature independent constant currents obtained as 1, and 1., of 50 pA as

BG,P

and | that are also obtained

PTAT P

shown in Figure 3.7. For the PTAT, currents |

PTAT N

from the same bandgap reference have a constant temperature gradient for the current

which is equal to (WA) = 0.182 JA/K -
274.15°K

By assigning the designed values into the first term of (3.21) along with v_ = 26

mV (at room temperature of 27°C) and a 55I‘IFN =0.182 pA/K we get,

1) ["fe] 5
(—) et T /I N 41070 (3.25)
10 5T

From (3.25), we can easily verify that the assumption made previously in (3.21)
to obtain (3.23) is valid. Hence temperature sensitivity of the proposed dB-linearizer
can be mitigated by extracting the gain control current from the PTAT current source
and feeding to the exponential current converter at specific nodes as shown in the
Figure 3.7.

By extending the analysis further to determine temperature effect on overall gain

of the proposed DVGA, using (3.16) and (3.17),

5Av,dB:20-VT 114 I'n - Ris o In (3.26)
ST I V; -log,10 ) oT \ V;

The DVGA core gain that is temperature compensated is obtained from (3.26) as,

oA.dB_, (3.27)

Using (3.27), we get,

i[lﬂ]:i.(VT.é]'N _|IN.éVTj=o (3.28)
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As discussed, by using 1, current from the PTAT source of the bandgap

reference ( | and | ), with (3.24) substituted in (3.28), a temperature

PTAT N PTAT P

independent dB-linear gain control is accomplished and the condition in (3.27) is also

satisfied. If we consider the scenario that the current | is derived from the bandgap

reference constant currents (1., and1,,,) with An _y, then (3.26) reduces to,
oT
5AV’dB:20. 1+ﬁ (_ij (3.29)
oT V; -log, 10 T

From (3.29), the temperature gradient of the gain is a negative term which
indicates that the DVGA gain decreases as the temperature increases. This is also
depicted by the simulation plot of gain with different operating temperatures for the
dB-linear DVGA core (see Figure 3.7) without temperature compensation as shown in
Figure 3.9.

The improved version design 2 of the gain control block with a linear to
exponential current converter block using PTAT currents from the bandgap eventually
improves the overall dB-linearity and is also insensitive to temperature variations. As
shown in Figure 3.9, the temperature compensation of the proposed exponential

current converter can be accomplished by using the PTAT currents (| and |

PTAT N PTAT ,P )

of the bandgap reference. The rest of the amplifier is already temperature insensitive

and is biased from the constant temperature insensitive currents (1., and ., ) obtained

BGN

from the bandgap reference. From Figure 3.9, due to the small current (1. ) at the

CTRL

minimum DVGA gain, the huge portion of the gain control current (1_ ) is

predominantly from PTAT source ( | ) and hence nullifies the temperature

PTAT P

sensitivity of the DVGA core gain much better than at maximum gain setting.
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Figure 3.9 Simulated gain characteristics against temperature for DVGA using dB-

Linearizer with/without temperature compensation.

From this investigation we can deduce that the exponential current converter
along with the PTAT currents, achieves a temperature compensated dB-linear gain
control in the proposed DVGA core that occupies small die area with low DC power.
By this analysis we can safely conclude that both the DVGA core and the post
amplifier used in the proposed PGA makes the overall design temperature

compensated from -25 °C to +85°C.

3.2.4. DC Offset cancellation

The DCOC of the proposed PGA design (both DVGA core and the post
amplifier) can be considered as the AC coupled low-loss high pass filter (HPF). Unlike
for the capacitor-only AC coupling that requires large capacitors between each stage to
achieve cutoff frequency closer to DC, the DCOC in the proposed PGA alleviates the
need for a large capacitor value by choosing a large HPF resistor value to achieve the
lower cutoff frequency even with smaller capacitor. The resistor of the HPF is in

parallel to the input impedance of the CC buffer stage which can be large value and
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hence the desired cutoff frequency is determined by a parallel resistance combination.
The large HPF resistor value, other than minimizing the capacitance, also provides
biasing for the CC buffer stage. The design of the HPF in the DCOC is explained in
section 3.2.5 along with the CMFB circuit design.

Inherently, the DCOC design is simplified for the bipolar differential pairs
(unlike for the CMOS devices) and hence the proposed 3-stage design is based on only
one DCOC stage between the final two DVGA stages. This cancels the DC offsets
generated from the differential pairs from propagating further, unlike for the CMOS
multi-stage VGASs wherein the DCOC is applied at each stage to avoid saturation of
any output stages. The DCOC in the proposed DVGA can suppress most of the DC
offsets generated or propagated along the signal path with a low cutoff frequency and a
large gain roll off is achieved. Although the DCOC occupies nearly 50% die area of

the proposed DVGA core, the overall DVGA core area is only 160 pm x 300 pm.

3.2.5. Buffer with Common Mode Feedback (CMFB)

The output differential buffer stage of the proposed DCOC PGA design
incorporates the CMFB that enforces a fixed value for the output common mode
voltage. The proposed PGA (both the DVGA core and the post amplifier) ascertains
both the input and output common mode voltages to predetermined values by using the
input fixed gain amplifier and the output CMFB respectively, ensuring that the PGA

biasing is stable and gain-independent.
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Figure 3.10 Common mode feedback (CMFB).

The CMFB is self-regulating based on the voltage v, that is set by the emitter
follower bias current 1 _as shown in Figure 3.10.

The gate currents of the transistors M5 and M6 and eventually the voltage drop
across resistors R7 and R8 are negligible. This results in a back-to-back diode-
connected transistor configuration that normally operates in the saturation region and

sets the DC voltage to v, by averaging the output voltages v, and v, as,

Veu = %_'_VTHN (3.30)
\ By

where, g =, .C (W] with x,, C,, (Wj and v, are electron mobility, gate
n ox L N L \

oxide capacitance per unit area, aspect ratio, and the threshold voltage of the
transistors M5/M6, respectively.

This CMFB additionally provides a wideband 50 Q output resistive matching
that is independent of resistance value R7/R8 and is equivalent to a parallel resistance
combination of the reciprocal of the M5 and M6 NMOS transconductance as,

1 .1
=—Il

gmNS gmNG

(3.31)

ZOUT
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where, g .. and g, . are transconductance of the M5 and M6 transistors, respectively.

The transistor M7 is introduced to switch OFF M5 and M6 active loads of the

CC buffer during the power down mode.

3.2.6. Design procedure of the DCOC and CMFB of the proposed PGA design
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Figure 3.11 Output Buffer stage with DC offset canceller (DCOC) and CMFB.

Figure 3.11 shows the circuit schematic and the half circuit equivalent of the
output buffer with the DCOC and CMFB.
Step 1: Determining transistor size for M5/M6

A large common mode voltage (v,.,,) is usually avoided that may result in the
shut off the buffer transistor pair Q7/Q8. Since the gate current |, shown in Figure
3.11 is trivial, the voltage drop across the resistors R7/R8 is negligible and the v_,,
voltage becomes the gate-source voltage v, of the transistors M5/M6. This results in a

back-to-back diode-connected transistor M5/M6 structure which operate in the
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saturation region. By knowing the CC buffer’s optimum operating currents |, and |,
for the transistor pair Q7/Q8, the aspect ratio for M5/M6 can be obtained as,

[Wj 2-1, 66,1
5,6

= ~ 3.32
: (332

KPn '(Vx _VTHN )2 Lum

Step 2: Determine the resistance for output buffer biasing used in the DCOC

The base voltage for biasing the transistor pair Q7/Q8, by neglecting the voltage
drop across resistors R7/R8, is v, +v, . Resistors R11/R12 are used for biasing the
output differential buffer and it forms a part of the DCOC HPF design.

Rb :VDD _(VBE +Vx)

~11kQ (3.33)

B
Step 3: Determining the capacitance of the DCOC HPF design

The effective parallel resistance between R, and the input resistance (r) of the
output CC buffer along with the AC coupling c_ capacitor forms the DCOC HPF
design. The HPF cutoff frequency is given by _, as discussed in the sub-section 3.2.1.
For practical design consideration based on the criteria of (R <<R, <<R,), We can

neglect the resistances r, and r_, and the DCOC capacitor value is obtained as,

Co = ~10pF (3.34)
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3.2.7. Large signal (Linearizer) and P1dB analysis

The input stage of the proposed DVGA core as well the post amplifier is shown
in Figure 3.12 is similar to the previous DVGA design from the same authors [A.4]
except for the inclusion of the resistors R13/R14. With this, the input stage transforms
into a common base (CB) amplifier with a transimpedance load circuit [3.45] and the
resistors R13/R14 as the shunt feedback resistors for the transistor pair Q3/Q4. As the
input CB stage does not possess the Miller effect that contributes to a pole frequency
due to this stage along with the transimpedance load to be moved farther away and the
PGA bandwidth is unaffected. This newly introduced transimpedance load apparently
consumes low DC power and acts as a pre-distortion linearizer in improving the

overall PGA linearity significantly.

Transimpedance load

VDD

. .

Vop1 ‘ ‘ Von13

%RM

1 Vlr{f

. R13

\WVip —}@3 Q4
°—4KQ1 lIEEZ QZ}

| |
N2 ”_T\B ”_T\M

=

Figure 3.12 Input stage fixed gain amplifier.
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The improvement in the PGA linearity from each of the DVGA core and the post
amplifier are due to this transimpedance load circuit which can be justified by
understanding the large signal analysis as described in [A.4] along with the addition of
shunt resistors R13/R14. The output signal distortion based on the non-linearity mainly
arises due to the altering of the DC bias conditions of the PGA stages by large a
voltage signal swing at the input. For simplifying the expressions used in the large

signal analysis, we assume that the resistors are named as RI3=R14=R, and R3=R4=

R, . The maximum voltage signal swing at the differential input of the transimpedance

load circuit is the DC voltage difference [3.38] given by,

V-V, ) (R,+R V,, -V,
v, —Vlnz(RerRL)-IEEl-tanh( i j—[ ‘ L+RLj-IEE2-tanh(1£V1”J (3.35)
Vr

2'VT ﬁ
Vi _Vin R V] _Vn
Voo Vo =RL - gy - tanh(;—VTJ —(?j lee, -tanh(lzp.—le) (3.36)

From (3.35), we find that the voltage difference v, -v,, is obtained based on the
input voltage difference v, v, and by an iterative subtraction. This difference voltage
v,, -V, gradually converges and the final difference output voltage is computed as
shown in (3.36). The subtraction (voltage difference) terms based on v, -v,, in (3.35)

and also in (3.36) are originated due to the negative feedback offered by the
transimpedance load stage and hence provides a DC voltage regulation. Therefore the
transimpedance load stage performs the pre-distortion linearization by stabilizing the
bias votlages of the PVGA transistor pairs. The contribution of the transimpedance

load circuit on the linearity and also the stability is determined by the current |

EE2

controlled by the M3 current sink. By introducing the shunt feedback resistors Rr,,

without affecting overall DC power consumption, an additional improvement of the
DVGA linearity is achieved over [A.4] for the whole gain range and it is evident from
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experimental results shown in Table 3.1 for the DVGA core. In addition to the linearity
improvement discussed in [A.4], the resistors R13/R14 introduced as a part of the
transimpedance load circuit contributes further to the improvement of the linearity in
the proposed PGA stages. This can be explained using a simulation plot shown in
Figure 3.13 by parameter sweeping of the resistance R13/R14 values from 0 Q to 10
Q for maximum gain state. We observe that, as the resistor value increases, there is a
decrease in gain and a corresponding increase in the IP1gg with the OP14g unchanged.
This characteristics is similar to the linearity improvement illustrated in [A.4] and the
linearity is further improved without any additional power consumption and significant

die area.
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Figure 3.13 Simulated DVGA linearity with varying R13/R14 resistors of the

Transimpedance load linearizer at 1 GHz frequency.
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Figure 3.14 Linearity analysis of proposed PGA for receiver frontend to baseband
interface.

The large signal analysis of the overall proposed PGA topology can be illustrated
from Figure 3.14 by neglecting the interstage network. The DVGA core has a nearly
gain-independent measured IP1gg (~ -12.5 to -11 dBm) for the entire DVGA gain range
denoted as Pg in Figure 3.14 (a) which is determined by the CC buffer stage and the
DVGA core gain difference is mainly reflected in its OP14g as Pe and Pr (shown in
Figure 3.14 (a)). We consider the IP1gs and OP14g points of the post amplifier as Pg
and Pa respectively for illustration purpose. For the proposed PGA to be used in the
RF receiver frontend application, the post amplifier design has to ensure that Pg < Pr.
So that the overall PGA’s OPigs becomes gain independent and it will be
approximated to OP14g Of the post amplifier (Pa) as shown in Figure 3.14 (d). This will
eventually transform and then limit the cascaded DVGA characteristics from the
Figure 3.14 (a) to Figure 3.14 (b).

We perform the large signal analysis of the proposed PGA under both the
maximum and minimum gain conditions as follows,

At PGA maximum gain (B5~B0: 111111°b) condition:
From the post amplifier transfer characteristics as shown in Figure 3.14 (c), the

OP14g of the overall PGA design is determined by the OP14g of the fixed gain post
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amplifier, Pa with its IP14s value, the Pg value determining the maximum output power
level that the cascaded DVGA core can reach before the post amplifier goes into
saturation region. By traversing back in the PGA cascaded chain, the characteristics of
the cascaded DVGA core together shown in Figure 3.14 (b) is limited by Pg with the
overall PGA’s IP1gp set to Pc shown in Figure 3.14 (d).

Hence by ensuring Ps < Pr the overall PGA’s non-linearity within PGA gain
control range is reached mainly due to the early saturation of the post amplifier while
the DVGA core stages are still operating linearly.

At PGA minimum gain (B5~B0: 000000°b) condition:

From the cascaded DVGA core’s power performance transfer characteristics
shown in Figure 3.14 (a) and Figure 3.14 (b), by ensuring that Pg < Pr, eventually the
overall PGA’s OP1gg is determined by the OP1gg Of the fixed gain post amplifier (Pa)
as discussed in the previous condition and the overall PGA’s IP1gs Set to Pp as shown

in Figure 3.14 (d).

The conventional cascaded amplifier stages [3.45] provide desired high gain as
shown in (3.37), however the bandwidth likewise shrinks as the number of cascaded

stages increases given by (3.38).

A= A - (3.37)
oa)

@ =a, N2 —1 (3.38)
where, A; and @, are gain and bandwidth of the overall cascaded amplifier consisting of

n identical stages with A, and @, as the gain and bandwidth, respectively.
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3.2.8. GBW extension of the proposed PGA using the interconnect stage

| T(f)[4
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Figure 3.15 Interconnect stage (a) circuit (b) frequency response.

The matching network is a crucial circuit in the amplifier design that provides a
good low loss signal path for cascading any two adjacent stages. In this proposed PGA
design the interstage parallel RC network shown in Figure 3.15 (a) is used to interface
between the DVGA core stages as well as with the post amplifier stage as shown in the
PGA block diagram, Figure 3.3. The circuit operation of the interconnect network can
be understood by following the sequence numbered in Figure 3.15 (b):

1) At very low frequencies close to dc, the shunt capacitor C acts as open circuit and
hence the interstage network operates as a voltage divider leading to RF signal loss
as shown in Figure 3.15 (b).

2)As the operating frequency increases the effective impedance offered by the
capacitor decreases and a shunt RC network introduces a zero at f; frequency.

3) With further increase in operating frequency, the impedance of the capacitor C drops
below the resistance R and depending on the capacitance C the network acts as a
short circuit with low signal loss beyond f frequency.

4) From f3 frequency onwards the high frequency parasitic resistance Rcap mainly due
to the metal traces’ skin effect appears and results in a high frequency pole.

This resulting frequency response as shown in Figure 3.15 (b) is similar to a gain

peaking characteristics and the interstage network transfer function is given as,
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. Ry-fi+ joC (R+R,,) ] (3.39)
R,-[1+ joC-(R+Ry,) | +R-[l+ joC R,,]

A GBW improvement is crucial for the proposed PGA design operating with a
large gain control range in order to support the receiver’s large dynamic range as well
as a wide bandwidth that supports high data rate. To provide the GBW improvement,
the cascaded amplifier stages of the proposed PGA provides the gain enhancement
while the introduced interconnect RC parallel network provides the bandwidth
enhancement. The bandwidth enhancement obtained by the introduced zero at f;
frequency mainly due to the interconnect stage (gain peaking) at high frequency
cancels the dominant pole of the amplifier stage that limits the upper cutoff frequency
of overall PGA bandwidth [3.52]. The frequency response affected by the cascaded

stages is clearly indicated in the Figure 3.16 (a) and Fig 3.16 (b).

Figure 3.16 Frequency response of cascaded stages (a) without and (b) with
bandwidth enhancement interstage.

This technique, is similar to an amplifier gain predistortion technique, in which
the bandwidth is first enhanced by using the gain peaking onbtained from the parallel
RC interstage network before cascading with the following amplifier stage. Thus the
overall PGA bandwidth is closer to the bandwidth of the individual DVGA core
(which is the bandwidth limiting stage than the post amplifer) is achieved. This
technique ensures that the gain is not significantly affected and also the overall
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cascaded bandwidth does not shrink unlike the scenario shown in Figure 3.16 (a) based
on (3.38). This improves the overall PGA’s GBW which is very desirable in the
receiver frontend.

This proposed bandwidth enhancement technique provides an easy interface
option for cascading several DVGA cores and post amplifier stages with very low
effect on the gain, matching, amplifier linearity and interface dc performance without
any addition DC power consumption. This technique is also validated by the
measurement results shown in Table 3.1.

Additionally, the parallel RC interconnect stage provides an inherent dc coupling
with an additional voltage drop that depends on the biasing conditions of the previous
stage output and input of the next stage unlike the interconnect peaking inductors with
smaller voltage drop (as determined by the inductor Q-factor) across it. Thus it
overcomes the loading effect that may also degrade the bandwidth [3.47] and each
stage can be optimized separately to have different dc voltages.

To validate this theoretical analysis, a plot of the simulated PGA’s output power
against the parametric sweep of the input power at 1 GHz frequency is shown in
Figure 3.17. From the plot we find that the overall PGA’s OPigg is almost gain
variation independent (= -7.1 dBm) for the proposed PGA design. For the curves that
is closer to the minimum gain condition, the degradation of PGA’s OP1gg is due to
saturation of the DVGA core in addition to the already saturated post amplifier stage.
This can be accounted for the condition described as Pr < Pg < Pe (see Figure 3.14)
and is verified by observing the P1gg linearity performance in Table 3.1 that summarize
the overall performance of the proposed PGA against the sub-blocks namely the

DVGA core and the post amplifier.
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Figure 3.17 Simulated P1gg linearity plot of the proposed PGA design for 64 gain steps
at 1 GHz.

The component values of the interstage network (R and C) are to be carefully
chosen and a design guideline is provided in the following based on design tradeoffs

considered for the performance parameters of the overall proposed PGA design.

Factors affected by the resistor R in the interstage network:
1) The gain peaking and the resulting GBW product enhancement can be achieved by

choosing smaller f; (zero frequency) and by positioning it within PGA’s passband.

f - (27r-lR-C) (3.40)

2) In the meantime, the group delay variation increases as the gain peaking is
increased. In the proposed design, group delay variation is compromised by the
GBW enhancement.

3) The resistor R is along the RF signal path as series connection and consequently a

large value of R increases the signal loss.
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Loss = 20-log lo{(R;R‘”)} (3.41)

4) The interconnect network has very little influence on overall PGA’s input/output
reflection coefficients. This is mainly caused due to the input fixed gain stage of the
first stage DVGA core and the output buffer stage of post amplifier.

Hence a small value of R is normally preferred and the designed value is chosen
as 45 Q which along with the shunt capacitor C provides the GBW enhancement as

well as it is mitigated based on the discussed overall PGA’s performance degradations.

Factors affected by the capacitor C in the interstage network:

1) As a product with a smaller resistor R value, the capacitance C mainly determines
the GBW enhancement based on (3.40). The Rcap Which is a frequency-dependent
resistive loss due to the skin effect is determined mainly by the quality factor of
capacitor C and can be reduced by proper layout techniques such as by using short
low loss thick metal interconnect traces. The overall PGA’s upper cutoff frequency
f3 increases as capacitance C is decreased and is shown as,

1
f = (3.42)
* (2z-R. -C

cap

2) A smaller C results in a reduced layout size based on the predetermined capacitance

of the parallel plate metal-insulator-metal (MIM) capacitor supported in the PDK
which is given as,

C=¢,-W-L (3.43)

Hence a small value of C is also normally preferred. However, to meet the

desired gain peaking requirement based on (3.40) with a reduced degrading effect on

the overall PGA’s performance by a small resistor R, the designed capacitance C value

is chosen as 5 pF.

62



3.2.9. Stability analysis

Interconnect stage
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G,: Amplifier forward path gain . g R g
H,: Amplifier’s feedback transfer function (b) (C)

Figure 3.18 Block diagram deduction of the overall PGA stability criterion.

The proposed interstage RC network, consisting of a parallel resistor and a
capacitor, is a cascaded network which is external (not in a feedback loop) to the
PGA’s sub-block amplifiers (DVGA core and post amplifier). Hence the RC interstage
network does not form a part of the sub-block amplifiers’ feedback loop and do not
significantly affect the stability criteria of the overall cascaded PGA amplifier chain as

shown in Figure 3.18.

3.2.10. PGA Power Shutdown

The proposed PGA is designed for low power transceiver application, by
consuming a minimized DC power along with a provision of the power down (sleep)
mode, during which the non-functional PGA in the transceiver system can be turned
OFF, using a digital control pin (PD/PwrDwn). The DC current dissipated is
insignificant when the power down/sleep mode of the PGA is active without turning

OFF the supply voltage VDD of the whole transceiver system.
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3.3. Circuit Implementation
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Figure 3.19 Die microphotograph of (a) DVGA core (b) post amplifier (c) PGA.

The proposed post amplifier design with input interstage network and the overall
proposed dB-linear PGA with DCOC design are realized by using a 0.18-um SiGe
BiCMOS process from Tower Jazz Semiconductors Inc., Newport Beach, CA, USA.
The microphotograph of the DVGA core, the post amplifier with input interstage
network and the proposed PGA along with bandgap reference is shown in Figure 3.19
(@), (b) and (c) respectively. The overall proposed PGA occupies a core die area of 810
pm x 310 um excluding the measurement probing pads. The proposed PGA, DVGA
core and the post amplifier performance are experimentally verified by on-wafer
probing by using the Agilent E8364B PNA network analyzer, RoOHS SMBV 100A
signal generator, LeCroy Waverunner 6000A series high speed oscilloscope, and

Agilent E4407B ESA-E series spectrum analyzer.
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3.4. Experimental results

The experimental plots of the overall PGA is shown in the following from Figure
3.20 to Figure 3.25 while the performance parameters for each of the DVGA core and
the post amplifier stages against the estimated and the actual PGA is tabulated in the
Table 3.1. The performance comparison of the PGA as well as the DVGA core against

the state-of-the-art VGA performance is provided in Table 3.2.

Measured S-parameters (dB)

Wl { J ' ' l,
1.0 2.0 3.0 4.0
Frequency (GHz)

Figure 3.20 Measured PGA S-parameters over the 64 gain steps.
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Figure 3.21 Measured P1gg linearity plots for max, mid and min PGA gain at 1 GHz.
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Table 3.1 Summary of measured performance of PGA, DVGA core and post amplifier

Parameter Units | DVGA Core | Post amplifier |PGA (Actual) | PGA (Estimated)
Gain dB -10to +7.8 +16 -1.41t030.2 -4 t0 31.6
3-dB Bandwidth Hz 2M to 1.9G 2M to 2.4G 3Mto 1.7G 2M to 0.97G*
Power consumption mw 12.2 9.86 35.3 34.26
Input Pids dBm -12.5t0 -11 -22 -9 t0 -36 -8.510-38.5
Output Pids dBm | -22.4t0-5.8 -7.1 -10to -7.5 -7.5

Gain control - 6-bit Fixed 6-bit 12-bit
Power down current HA 310 308 915 926

Core die area mm? 0.048 0.03 0.25** 0.126

*Equation (3.38), with n =3 and wo = 1.9 GHz (worst case: limited by stage with narrower bandwidth).
** Area increase due to the parallel RC interstage network.

The estimated values in the Table 3.1 are obtained as,

1. Gain = DVGA Core gainx2 + Post amplifier gain
For minimum gain condition, PGA gain = -10x2+16 = -4 dB
For maximum gain condition, PGA gain = +7.8x2+16 = 31.6 dB

2. 3-dB Bandwidth = o = @, -V2"" ~1=1.9x10° -/2"* ~1=0.97 GHz
. Power consumption = 12.2x2+9.86 = 34.26 mW
. Input P1gs = Output P1¢s — PGA Gain

B w

For minimum gain condition, Input P1ds = -12.5 — (-4) = -8.5 dB (Due to DVGA core + post amplifier saturation)
For maximum gain condition, Input P1gs =-7.1 — (31.6) = -38.7 dB (Due to only post amplifier saturation)

oo ~NOoO O

. Output P1ds = Output P1gs (Post amplifier)

. Gain control = DVGA Core x2 = 6 x2 = 12 bits
. Power down current = DVGA Core x2 + Post amplifier = 310 x2 +308 = 928 pA
. Core die area = DVGA Core x2 + Post amplifier = 0.048 x2 +0.03 = 0.126 mm?

Table 3.2 Measured performance of state-of-the-art VGA with wide gain range

Parameter Unit This Work This work RFIC’13 RWS’13 JSSC Jun’12
[A.2] [A1] [3.53] [3.54] [3.24]
Technology - 0.18 pm SiGe | 0.18 pm SiGe | 65 nm CMOS 90 nm CMOS | 0.13 um SiGe
Gain control range dB -1.4t0+30.2 | -10.6to+7.8 +3to +31 -25.3to +59 -10to +30
Linearity error dB +0.1 +0.1 - - +0.3
3-dB Bandwidth Hz 3Mtol7G | 2Mto19G | 20M1t00.98G 1G 0.2Mto75G
Power consumption| mw 35 12.2 48 21.9 72
Supply voltage V 1.8 1.8 11 14 1.2
Active core area mm? 0.25 0.048 0.2 0.07 1
Output swing mVpp | 200 to 2668 47.9 to 3238 6328 100 to 1788 35
Gain control mode - Digital Digital Digital Digital Analog

$Based on output 1-dB gain compression (P1gs) point

The difference between the actual and estimated results from Table 3.1 are

significant for upper cutoff frequency of 3-dB bandwidth and the core die area which

are the trade-off considered by introducing the proposed interstage network. The

marginal differences in other parameters namely the gain range, power consumption,

input and output P1gs can be attributed to the minimum change in the bias condition

due to the interstage network.
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Figure 3.22 Measured PGA switching time based on the single-ended output against

the power down (PwrDwn/PD) digital input (a) Turn ON (= 1.52 ps) and (b) Turn OFF
(= 116 ns).
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Figure 3.23 Measured low frequency gain plot for max and min PGA gain condition.
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Figure 3.24 Measured group delay of proposed PGA over the 64 gain steps.
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Figure 3.25 Measured dB-linear gain and noise figure characteristics at 1 GHz

frequency of the proposed PGA.

15

-==FAST
—--SLOW
——TYPICAL

|S21] (dB)

-10 i T T T 1 T 1
0] 8 le 24 32 40 48 56 64

Binary (6-bit gain control) to decimal

Figure 3.26 Simulated gain characteristics against process corner variation for the
DVGA without dB-Linearizer at 1 GHz frequency.
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Figure 3.27 Simulated gain characteristics against supply voltage variation for the

DVGA without dB-Linearizer at 1 GHz frequency.
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Figure 3.28 Simulated gain characteristics against process corner variation for the
DVGA with dB-Linearizer at 1 GHz frequency.
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Figure 3.29 Simulated gain characteristics against supply voltage variation for the

DVGA with dB-Linearizer at 1 GHz frequency.
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The simulated process and supply voltage sensitivity on the DVGA core gain
based on without the proposed dB-linearizer is shown in Figure 3.26 and Figure 3.27,

respectively and based on with dB-linearizer is shown in Figure 3.28 and Figure 3.29,

respectively.
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Figure 3.30 Simulated PGA S-parameters over the 64 gain steps.
The simulation S-parameter plot of the proposed PGA over all the 64 gain steps

is included as Figure 3.30.
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Figure 3.uMeasured dB-linear gain error of the proposed PGA.
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The measured linearity error of the proposed PGA is shown in Figure 3.31 and is

within a tolerance of £0.1 dB over the entire 64 gain steps.
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Figure 3.31 Measured PGA gain and output power against frequency sweep from
100 MHz to 1.6 GHz (step = 500 MHz).
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Figure 3.32 Simulated 11P3 of proposed PGA at 1 GHz frequency with maximum gain
condition.
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Figure 3.33 Simulated IRN plot of the proposed PGA over the 64 gain steps at 1 GHz.

The simulated input referred noise (IRN) of the proposed PGA is shown in
Figure 3.34 for 64 gain steps at 1 GHz frequency and for maximum gain condition is

5.1 nV/sqrt(Hz).

3.5. Summary

This chapter presents the design of a 6-bit programmable gain amplifier (PGA)
with large gain control range along with the DVGA core and the post fixed gain
amplifier design considerations which is used as sub-blocks in the proposed PGA. All
the three designs are fabricated in a 0.18-um SiGe BiCMOS process and measured by
using on-wafer probing. The proposed PGA design simultaneously achieves an
enhanced GBW product and a better OP14g linearity performance with a large dynamic
range without significantly increasing the circuit complexity which are the most
desirable characteristics for the integration into the receiver RF frontend of the low-

cost low-power consumer applications requiring good gain control precision.
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Chapter 4. Variable bandwidth VGA with tunable on-chip DCOC

In this chapter, the proposed CMOS based VGA circuit provides a flexibility of
switching ON/OFF the DCOC functionality by using a digital PMOS switch along
with voltage controlled lower cutoff frequency. Hence by providing this reconfigurable
capability in the CMOS analog VGA design, a post-fabrication tradeoff between the
baseband SNR and BER requirements can be realized. Additionally, the RF
transceivers can support a multi-standard baseband [4.1] interface by switching
between the direct conversion receiver (DCR) with zero-IF (direct conversion scheme)

and the tunable low-IF (superheterodyne) receiver schemes [4.5].

4.1. Circuit topology and design

The proposed design is a CMOS based compact variable gain amplifier (VGA)
as shown in Figure 4.1 with four sub-blocks namely the input buffer, the four-stage
VGA core, the output buffer and the programmable DCOC. To ensure a low DC power
consumption, the design is biased using NMOS current sinks mirrored from the stable
current sources (lconst and lIgc) that limits the rail-to-rail DC current of the overall design.
The input stage is a common-gate (CG) amplifier to provide fixed gain that is biased
by using lconst current (=50uA) and a wideband input impedance matching which are
independent of the VGA gain. The VGA core comprises of four-stage common-source
(CS) amplifier with resistive load to provide wideband gain flatness. The output buffer
is a common-drain (CD) source follower with common mode feedback circuit
providing a stable output common mode voltage and a good output impedance

matching.
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Figure 4.1 Circuit schematic of the proposed CMOS variable gain amplifier.

4.1.1. Linear Gain control with a gain control range

By using current mirrors the gain control current lgc is used to bias the
differential 4-stage CE amplifiers. As the lgc current varies it linearly varies the
amplifying transistor-pair transconductance (gm) and hence a linear gain control is
achieved by this proposed design. This result is verified by the measurement results
obtained from the on-wafer probing. By using the PD input pin the gain control current
that biases the amplifier stages can be shutoff and hence results in the overall VGA’s
power down or sleep mode. During the power down mode the VGA consumes very

small current and hence contributes to the DC power saving.
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4.1.2. DCOC switch control and fine tuning lower bandwidth cutoff frequency

The programmable DCOC comprises of a MOS transistor based RC LPF that
extracts the DC from output and cancels it with the input of the second stage by using
a differential amplifier as shown in Figure 4.1 (b).

When the Vgeoe = 1.2V, the DCOC functionality is turned OFF by using a
PMOS switch, thus the VGA forward path has a low pass filter (LPF) response
apparently allowing the DC component to pass to the baseband section. Conversely
when the Vacoc = OV, the DCOC functionality is activated, thus extracting the DC
component from the output and cancelling the DC signal from the RF input signal via
the feedback path. The VGA lower cutoff frequency (determining by the DCOC) is
tunable by using Vwne analog control voltage which varies the channel resistance of the
PMOS pass transistor used in the DCOC LPF. This DCOC functionality with variable
lower cutoff frequency provides a reconfigurability option in the receiver RF frontend
interface based on the baseband standard specifications with a better tradeoff between
the baseband processing efficiency with an improved SNR against the circuit DC
offset effects such as the BER specification.

The size of lumped RC components from the process design kit (PDK) used in
a DCOC LPF depends on VGA'’s operating frequency and it is usually very large for
frequencies close to the baseband. To avoid large die area (mainly due to the passive
lumped RC filter components) and a high fabrication cost, the RC components of LPF
are implemented by using the MOS transistors in the proposed VGA. The large resistor
value is implemented by using the PMOS transistors biased to operate in the triode

region with the gate voltage controlling the channel resistance and is given by (4.1).

Ry = {yp C,, (VDP Voo —vme—NTHp)}1 (4.1)
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where . , ¢, , (ﬂ} and v, are the electron mobility, the gate oxide capacitance per
L P

unit area, the transistor aspect ratio, and the threshold voltage of the LPF PMOS.

The fixed large shunt capacitor used in the feedback LPF is designed by using
NMOS transistor with the source and drain connected to GND as the bottom plate and
the gate terminal as the top capacitor plate. This results in a very compact design

which is easily integrated for mobile applications.

4.1.3. Common mode feedback control (CMFB)

The proposed design has the CMFB similar to the DVGA core design discussed
in the previous chapter. The CMFB is implemented as the diode connected active load
of the CD buffer stage to provide a stable fixed common-mode output DC that can be
used to bias the following stages. Also this common-mode voltage is independent of

the gain control.

4.2. Circuit implementations and experimental results

The proposed design is fabricated by using the Global Foundries 65nm CMOS
process. The die microphotograph of the proposed VGA along with the layout is
shown in Figure 4.2. The VGA occupies a compact die area of 75 pm x 80 pm
(excluding measurement pads) and 510 um x 620 pm (with measurement pads for the
testability). Since the dummy fill covers the actual active core area to meet the metal
density requirement of the fabrication house. Hence the layout of the core design is

included as the Figure 4.2 (b).
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Figure 4.2 (a) Die microphotograph (b) Layout of core CMOS variable gain amplifier.

The measured data is obtained by on-wafer probing with the Agilent E8364B
network analyzer (PNA) and HP 8970B noise figure (NF) meter by using differential
calibration until the RF probe tips. The measured variable gain along with the
input/output return loss are shown in Figure 4.3 and Figure 4.4, respectively by
varying lgc from 3pA to 150pA. The gain control shown in Fig 4.3 is not dB-linear as
discussed in the previous sub-section 4.1.1. The analog tunable DCOC is achieved by
activating the DCOC digital switch (Vdacoc = 0V) and by controlling the VGA’s lower
cutoff frequency by varying the Viwne voltage from 0 to 1.2V as shown in Figure 4.5.
From Figure 4.5 (a) with the minimum gain setting (lqc = 3pLA) a passband gain drop is
seen when the DCOC lower cutoff frequency is increased by decreasing the Viune from
1.2V to OV which is not observed in Figure 4.5 (b) for the maximum VGA gain (lgc =
150p4A). This behavior is caused by the subtraction of the lower forward path signal
(VGA minimum gain) with the increasing feedback signal strength due to the reduced

DCOC LPF loss (series Ren of the PMOS pass transistor is decreasing) that increases
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the VGA’s passband attenuation. Although this does not significantly affect the
baseband interface performance, since for VGA minimum gain condition, the DC
component along with the input RF signal is also attenuated that prevents saturation of
the baseband circuitry due to DC offsets and additionally enhances the VGA gain
control range. The monotonous not dB-linear trend of the measured gain and the noise
figure against lgc is shown in Figure 4.6. The linearity performance based on the 1-dB
compression point (P1gs) plots for a maximum (lgc = 150pA), mid (lgc = 30pA) and
minimum (lge = 5pA) VGA gain conditions are consolidated in Figure 4.7. The
maximum measured in-band group delay variation over the entire VGA gain range is
20 ps as shown in Figure 4.8.

The on-wafer probing measured results of the proposed VGA are summarized
and compared with the existing state-of-the-art VGAs [4.8]-[4.13] in Table 4.1. From
the comparison we find that the proposed CMOS VGA has better bandwidth, compact
die area and tunable DCOC while simultaneously achieving comparable gain range
and dc power consumption as compared to the CMOS based VGAs [4.8]-[4.11]. The
dc power consumption of the VGA in [4.11] is lower than the proposed VGA design.
However, for the purpose of measurement, additional output buffers are necessary in
[4.11] to achieve the required 50-Q output impedance matching. As compared to the
state-of-the-art SiGe HBT based DVGA designs in [A.2], [A.4] as proposed in the
previous chapter, the proposed CMOS VGA has improved gain control range, a
tunable DCOC and a compact die area. The power consumption and the bandwidth of
[A.4] is better than the proposed VGA design. However, the design in [A.4] lacks the
on-chip DCOC capability. The VGA design in [A.2] has passive RC based DCOC that
occupies large die area and is overcome in the proposed design by using MOS based

active-RC components.

86



Igc = 15pA

|S21]| (dB)

%
-10+ Igc = 10uA
-20+ Igc = 5pA
————lec=wA
-30 Igc = 3pA
-40 T T T T
0 1 2 3 4 5
Frequency (GHz)

Figure 4.3 Measured V GA gain (lgc = 3 pA to 150 pA, step = 5pA).
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Figure 4.4 Measured VGA return loss (lgc = 3 pA to 150 pA, step =5 pA).
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Table 4.1 Measured performance summary of the state-of-the-art VGA

Parameters | Unit Th'[;\’g]ork [4.8] [4.9] [410] | [411] | [A4] [A.2]
Technolo ) 65nm 90nm 65nm 90nm 90nm 0.18um 0.18um
9y CMOS CMOS CMOS CMOS CMOS |SiGe HBT | SiGe HBT
Gain range dB [-39.41t020.2|-29to +23 | +3to +31 |-25.3to +59|-10 to 50|-16.5 t0 6.5|-1.4 to +30.2
i . (0~0.2M) 20M to 0.1M to
3-dB bandwidth| Hz t0 4G 0.8G 0.98G 1G 29G 56G |3Mtol.7G
Noise Figure | dB 10 to 27 - 6to 21 15.2t0 50 | 171t0 30 |16.5t0 27.1] 23.51t0 52
Input P1ds dBm | -17t0-30 | -15t0-26 | -4t0-31 |[~+9t0-70.1|-13t0 -55| -17t0-27 | -91t0-36
Core Area um? 75 x 80 71 x490 | 330 x 470 | 660 x 106 (270 x50| 170 x 60 | 810 x 310
DC power mwW 26 31.2 48 21.9 2.5 7.9 35.3
On-chip DCOC| - Yes No Yes Yes Yes No Yes
Yes
Tunable DCOC| Hz (010 0.2M) No No No No No No
Gain control ) Analog Digital Digital Digital Analog | Digital Digital
mode current voltage voltage voltage voltage | current current

4.3. Summary

A compact variable gain amplifier (VGA) with analog tunable and digitally

switched DCOC capability is proposed and developed by using a commercial CMOS

technology in this research work. A gain control range of 60 dB, a die size of 75 um x

80 um and a wide operating bandwidth of over 4 GHz are achieved, simultaneously

which are verified by using on-wafer probing measurement. The tunable DCOC

capability provides a better reconfigurable baseband interface to tradeoff between the

SNR and BER conflicting requirements of the baseband standards even in the post-

fabricated design. This design hence proposes a VGA with reconfigurable bandwidth

by controlling the gain frequency response lower cutoff frequency.
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Chapter 5. Variable center frequency VGA

In this chapter, a SiGe BICMOS based K-band high power efficient differential
amplifier with a hybrid solution of both a variable gain and a tunable center frequency
is proposed, implemented and verified experimentally. The proposed design improves
the power efficiency by simultaneously reducing the overall dc power consumption
(using the stacked architecture with dc current reuse technique) and improving the
amplifier linearity (using a high quality factor (Q) inductive load) that increases the
output signal swing and the power level. Additionally, the proposed 2-stage stacked
amplifier achieves frequency band re-configurability together with the load inductance
Q enhancement by using a tank circuit (consisting of a 2-coil monolithic transformer
coupled with a MOS varactor bank) as the tunable amplifier load. By using digital re-
configurability and frequency band switching, the proposed design provides a
wideband gain flatness that can support multiple K-band standards. A qualitative
design analysis of the proposed frequency tunable digitally controlled variable gain
amplifier (DVGA) addressing the various system considerations are discussed.

This chapter is organized as follows: Section 5.1 describes the topology of the
proposed design, Section 5.2 emphasizes about detailed analysis of the proposed
circuit design. The design and implementation details of the proposed frequency
tunable amplifier load are covered in Section 5.3. Section 5.4 discusses about the
design validation with experimental results that are proven using on-wafer
measurement and the performance is compared with the state-of-the-art K- and Ka-

band amplifiers. Finally, the chapter conclusion is provided in Section 5.5.
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5.1. Circuit topology
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Figure 5.1 Block diagram of proposed frequency tunable K-band amplifier.

The proposed K-band frequency tunable amplifier is a non-inverting fully-
differential two stage cascaded amplifier with the stacked architecture and reusing dc
current between the two stages. The structure of the proposed amplifier design is
summarized as a block diagram shown in Figure 5.1. The first stage amplifier is a
variable gain amplifier (VGA) with a four bit (B3~B0) digital gain control and the
second stage is a frequency tunable amplifier. In order to provide an improved power
transfer efficiency, the stacked amplifier stages include impedance matching networks

at input, output and at the intermediate stage.
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The gain control is achieved by using a linear binary current converter that
digitally controls the bias current of the first stage amplifier.

The frequency tunable load determines the center frequency of the overall
amplifier gain and the output matching as illustrated in Section 6.2. The frequency
tuning with voltage VSWy (N = 1, 2) can be either analog control with fine resolution
or N-bit digital control with frequency band selection capability.

In addition, the proposed tunable amplifier has a power down mode using a
digital pin PwrDwn that can de-activate the differential output and dissipate very low
leakage dc power. This feature is useful for integrating this tunable amplifier in a low
power system-on-chip (SoC) with sleep/stand-by mode. Normally, the stacked
amplifier design suffers from head-room limitation that deteriorates the P1dB linearity
performance [5.8], [5.21]. However, the limitation of the stacked architecture is
minimized by using the high Q-factor frequency tunable load and intermediate
matching network components resulting in an increased voltage swing with low loss.
By using the varactor band selection, the design can cover a wide frequency range with

superior gain-flatness while retaining the frequency band switching operation.

5.2. Circuit analysis

The circuit schematic of the proposed frequency tunable amplifier as shown in
Figure 5.2 (a) is a stacked fully differential 2-stage common emitter amplifier. The
first stage is a variable gain amplifier with inductive load and the second stage is a
frequency tunable amplifier.

The circuit in Figure 5.2 (a) is symmetric and can be folded along the vertical
axis of symmetry as shown in Figure 5.2 (b). The block depicted as the frequency
tunable load is the proposed tunable tank circuit that consists of an integrated 2-coil

spiral transformer and the varactor bank. The inductors and the transformer used in the
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proposed differential circuit are chosen with center tap configuration to significantly
improve the die area utilization. The capacitors C7 and C8 provide the ac ground for
second stage differential amplifier. The resistors Rb1 and R3 shown in Figure 5.3 are
the base biasing resistors in shunt for the first stage and the second stage amplifiers,
respectively. Re-arranging the circuit components, by shorting the dc sources in the
half circuit equivalent of the proposed frequency tunable amplifier, shown in Figure
5.2 (b), results in the ac equivalent half circuit shown in Figure 5.3. Based on this ac

equivalent half circuit the proposed tunable amplifier is investigated in the following.
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Figure 5.2 Circuit schematic of (a) the proposed K-band frequency tunable amplifier

(b) half circuit equivalent.
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Figure 5.3 Hybrid-n small signal half circuit equivalent of proposed K-band tunable

amplifier.
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By replacing the transistors with the hybrid-m model of the Q1 and Q3 bipolar
transistors in Figure 5.2 (b), the small signal equivalent half-circuit of the proposed

tunable amplifier is obtained as shown in Figure 5.3.

Voo
| [ mP2 |
g1 2
Eerwn |[<_-MP4
| u] u]
BIAS1 BIAS2
Bandgap
Reference lo J’|1 J’|2 1'3
B3

Isg Imin

[ |Vbias2 |=A0 [F7AL |72 J7A3 |
ML | 1 1 1

Figure 5.4 Variable gain control base biasing circuit.

5.2.1. Variable gain amplifier stage analysis (A,):

The output power of the proposed tunable amplifier can be dynamically adjusted
by varying the gain of the first stage amplifier using a four bit digital code (B3~B0).

Based on Figure 5.3 and Figure 5.4, the gain of the first stage amplifier is given as,

_ B |Sp gy .
AII(S)_U'VT |:§Bn In 2 +Imin:| [rOl ” Zint(s)] (51)

where the transistor forward current gain g, ideality factor » and thermal
voltage v, are indicated for transistor pair Q1 and Q2, |, (n = 0 to 3) are the constant
coefficients of the estimated linear gain function, B, (n = 0 to 3) are the digital gain
control value (received from digital controller or digital baseband) and 1 . is the dc

n

current corresponding to minimum gain when all the digital control bits B, are reset (=

98



0V), r,,(n=0to 3) is output resistance of the bipolar transistors Q1 to Q4 used in this

design and Z,,(S) is the intermediate matching network impedance.

From the variable gain control bias circuit shown in Figure 5.4, the mirrored

variable biasing currents 1. (T = 1 and 2) has to be matched to avoid offset errors in

first stage differential amplifier. Unlike the voltage biasing of amplifiers, the current
biasing circuit provides a linear gain control along with the power down (PwrDwn)

capability.
5.2.2. Frequency tunable amplifier stage analysis (A ,):

The gain of the second stage amplifier from Figure 5.3 is based on the fixed

biasing transconductance (g, ,) of the Q3/Q4 transistor pair and the frequency tunable
load impedance given in [5.22], [5.23] as,

An(S) =g [10s 11 Z, (5)] (5.2)

Inml Vop

- <—‘ZOUT

; ! Output
\_Tank circuit (Tunable) / % _matching /

Figure 5.5 (a) Tunable load (transformer and MOS-varactor bank) with output

matching network (b) T-section model of transformer with MOS-varactor.
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From Figure 5.5 (a), the load impedance of the second stage amplifier is
determined by a high Q-factor transformer with the primary coil (L ) magnetically
coupled (M) to a LC tank circuit which is built by using the transformer secondary coil
(L,) and the varactor bank (c ). This load impedance is connected in parallel to the
output matching network and the influence of the tank circuit on the output matching is
described in the following section. The transformer used in the load circuit can be

represented as a T-network based on [5.24] and also the varactor bank can be modeled
as a series combination [5.25] of the capacitorc . and the varactor loss r,; as shown

in Figure 5.5 (b). By using loop analysis of the network in Figure 5.5 (b), we obtain the

load impedance as,

7 (S): s° '[(LPLS -M 2)'(:\/T]+S2 ’[(rPLs +hle +1, LP)’CvT]+S'(LP +Ip '(rs + rvT)‘CvT )+ I (53)
) (SZ'LS'CvT+S'(rs+rvT)'CvT +1)

Figure 5.6 Varactor bank with equivalent lumped circuit model.

Varactor bank Q-factor:
The varactor bank, as viewed from the transformer secondary coil (shown in
Figure 5.5 (a)), consists of parallel connected variable capacitors with equivalent

impedancez,. The equivalent lumped circuit model of the varactor bank impedancez ,

including the varactor parasitic resistance I, as determined by [5.25] is shown in
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Figure 5.6. The varactor bank impedance consisting of N identical varactors is given
by,

z -t L0 (5.4)
N.Y, N N-o-C,

From (5.4), the varactor bank Q-factor is,

Im(ZV) _ 1 _ (55)

QCVT :_Re(zv) = a)-CV'I’V _QCV

Based on (5.5) we can deduce that by connecting any number of varactors (N )
in parallel for the tunable tank circuit, the Q-factor contribution resulting from the
varactor bank is almost fixed.

Q-factor of transformer’s secondary coil:

The transformer secondary coil’s Q-factor is given as,

Qu =2t (556)

Q-factor of the overall tank circuit:
For the tunable load’s impedance transfer function [5.26], as given in Equation

(5.3), we can deduce that,

w2 =t (5.7)

1
. = - 5.8
a)n Qta”k (rS + rvT ) CVT ( )

where @, is the angular resonant frequency and Q,,, is the overall Q-factor of the
tank circuit.
Equation (5.7) suggests that, by changing C using the corresponding varactor

tuning voltage VSWNn (N =1, 2, etc.), the center frequency of the overall amplifier gain
frequency response can be shifted.

By re-arranging equation (5.8), the overall tank Q-factor is given as,
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1 L 5.9
Qtank (rS + rvT ) CvT ( )

The overall tank Q-factor [5.27] based on the individual Q-factors of the

inductance and the varactor bank is given by,

= QLs .QCVT (510)
o QLs + QCvT

By using (5.5) and (5.6) in (10) we get,

Quu= o1 s (5.11)
rS + rvT (rS + rvT ) CvT

Equation (5.11) is the same as the overall tank Q-factor as determined by (9).
The Q-factor of the second-stage amplifier response in (5.2) in turn is determined
mainly by the transformer secondary coil and the single identical varactor of the
varactor-bank. This enables the design to be scalable in frequency along with a voltage
controlled tuning range. The noticeable tradeoff is that, as the number of varactors in
parallel (N ) are increased, they increase the tank minimum capacitance that is limited
by (N-c,,,) and eventually decreases the operating frequency as well as the frequency
tuning range which is illustrated in the following Section 5.3.

Hence, the overall Q-factor of the second stage amplifier load is obtained by
considering the mutual magnetic coupling due to the in-phase currents of the
transformer primary coil and the induced current from the secondary coil shunted with
the varactor bank.

By assuming a negligible effect of the large shunt resistors Rb1 and R3 on small
signal analysis, the overall tunable stacked amplifier gain (A, ) is determined by the

product of the gains of the individual stages that are cascaded as,

A\/(S) =0m  Oms '[r01 ” Zint(s)]' [ros “ ZL(S)] (5'12)
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From Equation (5.12), we can infer that the frequency response of the overall
proposed stacked amplifier gain is a function of the tunable varactor control voltage
(VSW1 = VSW> = VSW\). This correlation is also established by the simulation gain
plot against the tunable voltage (VSWNn) for both the maximum and minimum gain
configuration shown in the Figure 5.7. It is evident that the bandwidth increases with
increase in center frequency to obtain an overall Q-factor that is almost constant and
hence results in improved gain flatness over this narrow tuning range of the center

frequency.
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Maximum gain
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Figure 5.7 Simulated gain of the proposed amplifier based on the frequency tunable
voltage VSWn (VSW1 = VSWy) varied together from 0 V to 1.8 V (step = 0.1V).

5.2.3. Impedance matching analysis:

The amplifier input and output terminals are impedance matched to 50 Q by
using T-networks as shown in Figure 5.2. The component values of the T-networks are
obtained by using a Smith chart. The intermediate matching network is L-network and
its passive component values, including the de-Q resistors (R1 and R2), are optimized

for better overall amplifier performance, such as wide frequency coverage, high gain,
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high output power, and linearity. In order to conserve the die area of the proposed
differential circuit, the inductors and the load transformer are chosen with center tap
configuration. Based on the circuit topology, the input and intermediate matching stage
return losses are almost unaffected by tank circuit tuning. However, the output return
loss is mainly determined by the output matching T-network as well as the load tank
circuit. By using the 2-bit frequency band selection input VSWy of the tank circuit, an
adaptive output matching|S22| is achieved as shown in Figure 5.8. This allows the
output matching (|S22|) to be frequency band reconfigurable. The bandwidth for each
frequency band is governed by the Q-factor (loaded Q-factor) of the output matching
network over the tank Q-factor by considering the design tradeoff between the wide

frequency tuning range and the reduced number of tuning bits (N = 2 for our design).
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Figure 5.8 Simulation plots of output matching by tuning the tank circuit load with
VSWNn (VSW; = VSW,) varied together from 0 V to 1.8 V (step = 0.1V).

The proposed frequency tunable load can be easily implemented and integrated
with the existing state-of-the-art amplifiers by taking into consideration of the design

aspects discussed in the subsequent Section 5.3.
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Frequency tunable load design
The frequency tunable load in the second stage amplifier consists of a 2-coil
center tap transformer with a varactor bank connected to the secondary coil as shown

in Figure 5.9.

Varactor bank

g

S

%
Voo ' '
P2
(a) (b)

Figure 5.9 Transformer layout (a) 3D view (b) Top view with interface to varactor.

The transformer has the primary and the secondary coils built on the same plane
to avoid the formation of large parasitic leakage and mutual capacitance between the
vertically stacked coils. The transformer coils are oriented in a non-inverting mode
[5.24] and is designed using the top metal supported by the fabrication process for a
high Q-factor, with a metal thickness of 2.81 um and a sheet resistance of 10.5 mQ/o.
The varactor bank is connected across the transformer secondary coil between P3 and
P4 nodes as shown in Figure 5.9 (b). The transformer primary is the inner planar
concentric coil comprising of 2 turns and it is connected to the second stage
differential amplifier’s collector terminals at P1 and P2. The center tap of the primary
coil is connected to the VDD supply that provides the dc power to the entire amplifier.
The transformer secondary is one turn, and outer coil with the center tap connected to
node V: The transformer is designed using Agilent ADS Momentum EM simulator
and transformer coil size (114 pm), width (8 pm) and spacing (2 um) are optimized to

meet the desired operating frequency range and Q-factor as shown in simulation plots
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of Figure 5.10 (a) and (b), respectively. The amplifier Q-factor due to the transformer’s
mutual coupling effect across the primary coil (secondary coil loaded with the varactor
bank) is higher than the Q-factor of the primary coil with the open-circuited secondary

coil based on the EM simulation and is shown in Figure 5.10 (b).
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Figure 5.10 EM simulation plots of the designed transformer’s (a) primary and
secondary inductance with coupling coefficient (b) quality factor looking into primary
coil with self-inductance (with secondary coil open) and mutual inductance (with

secondary coil connected to the varactors).

The transformer used in the second stage amplifier provides a tuning circuit with

additional design flexibility which is achieved by using a strong magnetic coupling.
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When compared to a simpler inductor and variable capacitor scheme, the transformer
provides an enhanced Q-factor at the primary by increasing the effective primary coil

inductance given by,
L =L, (L+k) (5.13)

where (0.6 < k < 0.75) is the mutual coupling coefficient as shown in Figure 5.10 (a).
The Q-factor enhancement due this effective inductance is shown in Figure 5.10 (b).
Due to the increased primary inductance by the magnetic coupling, the length of the
primary coil can be reduced to provide the same inductance value as a standalone
inductance for the circuit in the required frequency range. This reduces electrical
resistive loss associated with the primary coil and eventually enhances the Q-factor at
the primary due to the transformer coupled tank circuit when compared to standalone
LC tank as load.

The varactor bank employs parallel connected MOS varactors that are operating
in the accumulation mode with the gate-source tuning voltage (Vgs) ranging from -0.9
V to +0.9 V to traverse across varactor’s Cmin t0 Cmax, respectively. To avoid
negative external tuning voltage, VSWn (N = 1 and 2) applied at the varactor
source/drain terminals, the varactor gate voltage is level-shifted to +0.9 V through the
secondary transformer’s center tap (Vi) as shown in Figure 5.9. This ensures that the
external varactor tuning voltage (VSWN) to be a positive voltage [5.28] ranging from 0
V to +1.8 V with the capacitance tuning characteristics as shown in Figure 5.11 (a).

The simulation plots in Figure 5.11 (a) and Figure 5.11 (b) are obtained for
identical varactors (N as depicted in Figure 5.11 is the number of varactors in the bank)
connected in parallel against the same external varactor tuning voltage VSWn (N =1
to 4). From Figure 5.11 (a), the equivalent capacitance adds up as the number of

identical varactors in parallel increases. An interesting observation noticed in the
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varactor bank Q-factor plot (Figure 5.11 (a)) is the equivalent Q-factor of the varactor
bank is unaffected by the number of varactors connected in parallel (N). This behavior

agrees with Equation (5.5) described in Section 5.2.

0.30 - N: number of varactors in parallel 22
— 3 ]
§ 0.25 C '5
8 0 -89
E 0.20; - g
o = o
30.15— N _—14“5,
g -5
5 0.10 3 3
= S 10 ©
- - L o]
5 0.055 1 >
= N R e .
0.0 3 . T | T T T T ‘ T T T ‘ T T T 6
0.0 0.5 1.0 1.5 2.0
Varactor tuning voltage (V)
(2)
- 60 . N: number of varactors in parallel
I 4
8 7
z 50+
C i
I J
3 i
g 40*_
el
o 4
s 307
— ]
9 ]
£ 20
2]
E .
10 T T T T | T T T T | T T T | T T
0.0 0.5 1.0 15 2.0
Varactor tuning voltage (V)
®

Figure 5.11 Simulation plots of the designed varactor’s (a) capacitance and quality

factor (b) intrinsic tuned tank frequency.

This is one of the merits of this proposed design and the amplifier operating
frequency range can be easily reconfigured based on the number of varactors in
parallel (N ) as shown by the intrinsic tank frequency plot in Figure 5.11 (b). As the
number of varactors (N ) in the varactor-bank increases, the trade-off taken into

consideration in the design is the shrinking of the tunable frequency range.
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5.3. Experimental results

Bandgap
Reference

\Tunable Load

Figure 5.12 Microphotograph of the proposed K-band amplifier with tunable load and
bandgap reference (Core area: 455 pm x 430 pum).

The proposed K-band frequency tunable stacked amplifier is implemented in a
0.18-um SiGe BiCMOS process from Tower Jazz Semiconductors. The
microphotograph of the proposed amplifier and a standard bandgap reference in the
fabricated wafer is shown in Figure 5.12 which occupies an overall die area of 0.89
mm x 0.81 mm including the on-wafer probing pads. The proposed design
performance is experimentally verified by using on-wafer probing with the Agilent
E8364B PNA network analyzer, Agilent E4407B ESA-E series spectrum analyzer and
Agilent E8267D vector signal generator. The proposed stacked amplifier consumes a
dc current ranging from 7.9 mA to 9.8 mA for maximum to minimum gain variation,
respectively during its normal operation mode (PwrDwn = 0 V) and during the power
down mode (PwrDwn = 1.8 V) dissipates a dc current of 107 pA from a single 1.8 V

supply voltage. The gain reduction with increase in bias current is due to the transition
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of first stage amplifying transistors (Q1/Q2) from active region (maximum gain)
towards saturation region (minimum gain).

The measurement setup consists of wafer probe station with two RF GSSG
probes for probing the amplifiers’ differential input and output, along with a 7-pin dc
probe that provides a 4-bit digital gain control (Bz~Bo) signal along with a 2-bit
frequency band selection (VSW1~VSW5) input, and a pair of individual dc probes for
VDD supply voltage and the power down mode control (PwrDwn) as marked in Figure
5.12. The digital pins namely B3~Bo, VSW1, VSW, and PwrDwn are applied with dc

voltages of either 0 V (for bit “0”) or 1.8 V (for bit “1”).
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Figure 5.13 S-parameter plots of the proposed tunable amplifier for maximum gain
with band switching VSWNn (a) measured gain, (b) measured return loss and isolation,

(c) simulated gain, (d) simulated return loss and isolation.
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Figure 5.14 S-parameter plots of the proposed frequency tunable amplifier band#1
with gain variation Bs~Bo (a) measured gain, (b) measured return loss and isolation,

(c) simulated gain, (d) simulated return loss and isolation.

The frequency band switching functionality of the proposed amplifier is verified
in Figure 5.13 (a) and Figure 5.13 (b) for the maximum gain (Bs~Bo = “0000”)
condition and by providing separate digital inputs, to VSWi as most significant bit
(MSB) and VSW: as least significant bit (LSB), together depicted as “VSWn”. The
proposed circuit being a frequency tunable amplifier has the total 3-dB bandwidth of
the multiple bands as the useful operating frequency range. By providing the option of
frequency tuning, the center frequency of the gain response can be changed. For a
particular gain setting based on B3~Bo, the measured frequencies for the 4-bands are
listed in Table 5.1. The 3-dB bandwidth for each selected band is wide enough to

support the K-band standard by selecting band #1 with VSWn = “00” and the 24 GHz
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short range ISM band by selecting band #4 with VSWy = “11”. Similarly, a 0.5 dB
gain flatness is achieved for the frequency ranging from 20.65 GHz to 27 GHz across

the four frequency bands.

25.0
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< Lin =350 pH
¥ Lin = 400 pH
-+ Lin =450 pH
= Lin = 500 pH

12.54

0013 5 &

|s11], |s21], (dB)

-12.5 -

-25.0

Frequency (GHz)

Figure 5.15 Simulated gain and input return loss with variation of input matching T-

network’s inductance (Lin) from 250 to 500 pH.

The measured input return loss, shown in Figure 5.13 (b) and Figure 5.14 (b),
can be improved by circuit optimization of the input matching T-network’s inductance
Lin (shown in Figure 5.2). This is evident from the S-parameter simulation plot shown
in Figure 5.15. From Figure 5.15, with a value of Li» = 0.3 nH, the minimum |S11|
(valley point) shifts to a higher frequency and falls within the proposed amplifier’s
operating frequency range 18.9 GHz to 29.2 GHz. Hence improving the amplifier’s
input return loss (|]S11| < —-10 dB) without significantly compromising on other
performance parameters like the amplifier overall gain (with an attenuation less than
0.2 dB) and dc power consumption.

The difference between the simulation and measured results can be attributed to

the transistor and varactor model inaccuracy at such high frequencies.
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Table 5.1 Measurement results of proposed digital band switching

Band# VSW1 | VSW2 | Center Frequency | 3dB Bandwidth
[V] [V] [GHz] [GHz]
1 0 0 22.97 18.9 t0 26.3
2 0 1.8 23.72 19.31027.1
3 1.8 0 24.29 19.4 10 28.0
4 1.8 1.8 24.85 19.7 10 29.2

Table 5.2 Performance summary of wideband K-/Ka-band drive power amplifiers

Ref. Technology Technique / Topology Fr[equ;le}cy ([fjaé? [Odglr;’f] T{;;I]E F[>rcr>]v\\//\e/]r \ézlt[illg]e Ij[ﬁ]s]rzeja
[5.20] [ 0.18-um CMOS Reverse body bias 24 19 15.7 24.7 - +3.6 |0.56 x 0.67
[5.17] | 0.18-pm CMOS Driver + 2 parallel PA 20t0 24 16.3 14.3 10.7 - 3.6 0.7 x 0.5
[5.18] | 0.18-um CMOS | Substrate-shielded CPW€ | 22.9 to 26 7 11 6.5 280 2.8 0.7x1.8
[5.3] 0.18-uym CMOS Darlington + TLT® 181033 15.2 16 10.2 711 3.6 [1.41x0.61
[5.6] 0.18-um CMOS | Substrate-shielded MSL¥ | 27 £ 1.5** | 145 - 13.2 | 169.2 1.8 0.7x1.2
[5.19] | 0.18-pm CMOS Tuned amplifier 27 17 - - 300 3 12x17
[5.11] | 0.18-pm CMOS Adaptive bias 20 to 25 11.9 15.4 12 108 3.6 ]0.83x0.48
[5.16] | 0.18-um CMOS 4-way combining PA 24 8 20 20 504 3.6 0.6 x0.7
[5.10] | 0.13-um CMOS | Class E + mode locking 20 26 - 20.5 52.5 15 09x0.4
[5.13] | 0.13-um CMOS 1-stage push-pull PA 20.51t0 31 8.4 - 13.2 - 15 1x1
[5.9] | 45-nm SOI CMOS | Dynamic bias + stacked | 6 to 26.5 6 18.5/22.5| 20.5/11 - 45/7.2 |10.75x 0.7
[5.7] | 0.15-um pHEMT Binary combining PA 17t0 35 12 21~22 | 30~40 | 498 4 15x1
[5.4] | 0.15-um pHEMT High efficiency device |27.51t029.5 16 - 37 - 5106 -
[5.14] | 0.2-um SiGe HBT | Transformer + 1/0 balun | 21 to 26 19 18.8 19.75 | 828 1.8 |245x241
[5.15] | 0.18-um SiGe HBT | Driver + 2 parallel PA | 16.5t028 | 37.6 15%* 22.3 228 2.4 2x1
[5.8] | 0.13-um SiGe HBT 1-stage Class F'Y/F 24 to0 31 10.3 15 40.7 - 2.2 0.6 x 0.45
V'\I/':;sk 0.18 um SiGe HBT | Stacked + tunable load [18.9 to 29.2*| 16.3 6.7 37.7 142 18 0.89x0.81

Coplanar waveguide®, Transmission Line Transformer£, Micro-strip line*

** Estimated value from the measurement plot

* Tunable bandwidth

Along with the frequency band switching, the gain control of the proposed

amplifier is measured for frequency band #1 (VSWn = “00”) by configuring the

amplifier’s four gain control bits (B3z to Bo) as shown in Figure 5.14 (a) and Figure

5.14 (b) with a maximum gain of 16.3 dB (B3~Bo = “0000’) and a minimum gain of

10.9 dB (B3~Bo

the four frequency bands (using the VSW\ digital setting).
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Figure 5.16 Large signal measurement plot of the proposed tunable amplifier at 28

GHz frequency, maximum gain setting, and band #4 (VSWn = “11").
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Figure 5.17 Measured saturated power over the four switchable frequency bands based

on VSWHy of the proposed tunable amplifier for maximum gain.
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Figure 5.18 Measured PAE over the four switchable frequency bands based on VSWn

of the proposed tunable amplifier for maximum gain.

The high Q transformer coupled load of the proposed design provides a high gain
and an improved linearity performance together with low dc power consumption,
resulting in an improved 37.7% peak PAE at a saturated power of +7.5 dBm. The
output 1-dB gain compression point (OPigg), as shown in Figure 5.16, for the
frequency band #4 (VSWn = “117), the maximum gain condition (B3~Bo = “0000”),
and measured frequency of 28 GHz is +6.7 dBm.

The measured Psgt and PAE of the proposed tunable amplifier over the four
switchable frequency bands based on VSWy and maximum gain setting (Bs~Bo =
“0000”) 1s shown in Figure 5.17 and Figure 5.18, respectively. Both these plots
indicate that the linearity performance is improved for the band #4 (VSWn = “117)
considering the fact that the Q of the transformer load increases with increase in
frequency.

The performance of the proposed tunable stacked amplifier is consolidated in

Table 5.2 and compared with the state-of-the-art K- and Ka-band monolithic amplifier
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designs. By using the stacked architecture along with a high Q frequency tunable
transformer coupled load and a variable gain control option, the PAE and the overall
amplifier performance is improved. From Table 5.2, it is evident that the amplifier’s
linearity performance (Psat and OPaigs) is directly dependent upon a large supply
voltage (increased headroom) and also high dc power consumption that supports large
signal swing (as discussed in [5.8]). The PAE performance of the proposed stacked K-
band amplifier with a 1.8 V supply voltage is comparable to the amplifier designs in
[5.4], [5.7] based on the expensive I11-V devices that are engineered to provide a high

power and high PAE performance.
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Figure 5.19 Simulated S-parameters of proposed VGA against temperature variation.
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Figure 5.20 Simulated S-parameters of proposed VGA against process variation.

The proposed amplifier achieves a digitally reconfigurable wide bandwidth
coverage (from Table 5.1) that can incorporate multiple standards such as the K-band
(18-26.5 GHz), the LMDS band (27-29.5 GHz), and the 24 GHz short range ISM
band (22-29 GHz) with low supply voltage, high PAE, variable gain control, good
linearity together with a low power consumption. Hence the proposed tunable

amplifier can be integrated in a low power reconfigurable transceiver SoC.
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5.4. Summary

This chapter presents a high power efficient broadband amplifier with a variable
gain and reconfigurable frequency band capability to support the K-band (18-27 GHz)
satellite communication and the 24 GHz short range ISM (22-29 GHz) automotive
radar applications. The proposed design is aimed at wide range of commercial wireless
transceiver applications, taking into consideration the re-configurability of the gain and
frequency band with low cost, low dc power and an improved linearity. A detailed
design analysis investigating the proposed stacked amplifier for frequency tuning
control, input/output matching, the construction and design of the transformer coupled
frequency tunable load, and variable gain control current biasing design, is addressed
in this chapter. The circuit analysis is verified by on-wafer measurements. The
proposed stacked amplifier using a 0.18-um SiGe BiCMOS technology achieves a
37.7% PAE at the Psa of +7.5 dBm, a 10.9 dB to 16.3 dB variable gain control, and a

tunable 3-dB bandwidth from 18.9 GHz to 29.2 GHz.
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Chapter 6. Variable directionality low noise amplifier (LNA)

This chapter, presents a low noise amplifier (LNA) design and is further
extended to provide a variable directionality. Such bi-directional amplifiers are mainly
used in the compact RF transceivers and a prominent application is the phase array
systems used to achieve beam forming and beam scanning in the radar and defense
communication systems. One of the options to reduce the transceiver footprint is to
combine some of the building blocks operating at similar frequency range of the
transmitter and receiver chains and introduce a bi-direction signal flow capability
[2.8]. Unlike the passive mixer design that converts frequency between RF and
baseband (BB) frequency can be easily implemented which will have conversion loss
but can achieve bi-direction frequency conversion capability [2.9]-[2.10]. By some
means if the amplifiers at the RF frontend as well as the baseband amplifiers can have
bi-directional capability then the overall transceiver can be reduced to a single chain
and just by using a digital configuration pin the whole system can operate as either
transmitter or receiver [2.11] switched in the time-division-multiplexing scheme. But
unlike the passive mixer design, the bi-directional amplifiers (BDA) require active
components for achieving amplification which are uni-directional devices. A detailed
analysis on the design constrained and the limitation of such BDA are discussed in this

chapter based on a design fabricated in 65nm CMOS process.
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6.1. Topology and analysis

RF front-end

.........................................

Figure 6.1 Block diagram of the proposed bi-direction low noise amplifier.

The proposed bi-directional amplifier (BDA) comprises of two back-to-back
connected low noise amplifiers (LNA) as shown in the Figure 6.1. The complementary
switch input signals are provided to the LNA to select the direction of the signal flow.
When the BDA is operating in the transmitter mode then Tx = ON activates the
LNA#1 to enable signal flow to the antenna, meanwhile the Rx = OFF is set and the
LNA#2 is turned OFF. Similarly for the receiver mode the role of LNA#1 and LNA#2
are interchanged. The design consideration for this implementation is to make sure that
the interconnects provide low loss as well as mitigates the impedance matching that
may result from the ON/OFF states of the back-to-back connected LNAs. Firstly in
this chapter we analyze the LNA design and how the switch control can be achieved in
the design. Secondly we look into the aspect of designing the interconnect trace that
provides low loss and also mitigates the input/output return loss degradations. Finally
we provide the measurement results obtained by on-wafer probing that verifies this bi-

directional reconfigurability option of the amplifiers.
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6.1.1. Literature review of LNA design

The high data rate applications can be achieved by using RF transceivers
operating at high frequency and wide bandwidth such as the V-band (40-75 GHz).
Many standards are defined at the VV-band for applications that use the frequency band
from 57 to 64 GHz for unlicensed wireless systems allocated by the Federal
Communications Commission (FCC) such as IEEE 802.11ad, ECMA-387, etc.

At such high frequencies (40-75 GHz), the passive components and
interconnects in the front-end amplifiers gets transformed by the transistors into
negative resistances resulting in severe instability conditions [6.1]. Hence a careful
study of such sensitive passive components and techniques of mitigating the formation
of such negative resistances becomes critical [6.2], [6.3]. Moreover, such front-end
amplifiers must accomplish wideband, enhanced noise performance and power drive
capabilities by trade-off with die area, dc power consumption and the supply voltage.

The passive components used in LNA operating at millimeter-wave frequencies
can be based on either transmission lines or spiral inductors as discussed in [6.4]. In
this design to improve the gain flatness over a wide bandwidth, a common-gate
inductive peaking technique is adopted. The performance enhancement is achieved at a
trade-off of marginal stability. A low power 60-GHz LNA is demonstrated in [6.5]
which employs a 4-stage cascaded CS amplifier with the gate-source transformer
feedback technique for the input stage to achieve a simultaneous noise and input
matching. Meanwhile, a drain-source transformer feedback is used to achieve
enhanced interstage and output impedance matching. Since the design is operated at

low power, the gain and linearity performance are affected.
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A comparative linearity performance of the power amplifier in [6.6] consumes a
larger dc power consumption to achieve a comparable gain compression point. This
work uses multiple amplifiers connected by using Wilkinson divider and combiner that
increases the die area utilization. To achieve an improved linearity performance in the
LNA, built-in linearizer can be included as presented in [6.7]. This design is based on
source sensed derivative superposition technique that utilizes large dc power
consumption. A bipolar LNA adopting T-type matching network and differential
architecture in [6.8] achieves a wide bandwidth and higher gain with an expense of
larger dc power consumption. A 3-stage single ended LNA almost covering the wide
V-band from 52 to 75GHz is presented in [6.9] which use pi-matching network and
source degeneration. This design consumes high dc power with a high supply voltage.
In [6.10] a V-band LNA with enhanced bandwidth based on a positively coupled
cascade transformer using cascade inductors at the cascade transistor’s emitter
achieves good noise figure performance at the cost of poor gain and linearity
performance.

In this chapter, firstly the stability analysis of the millimeter-wave 3-stage
cascode low-noise amplifier (LNA) in CMOS technology is studied. Two
implementation prototypes of the same design are fabricated for demonstrating both
the extreme conditions of the stability criteria. Additionally, an enhanced figure-of-
merit (FOM) determining a better noise and linearity performance is achieved by the

proposed design as compared to the state-of-the-art works [6.4]-[6.10].
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6.1.2. LNA design details and power down control by Vbias
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Figure 6.2 Proposed broadband LNA circuit schematic.

The proposed LNA is a 3-stage single-ended cascode amplifier using the NMOS
transistors (MN1~MNG) and the circuit schematic is shown in Figure 6.2. The design
has impedance matching T-networks and the capacitors C3 are included in the design
to bypass the supply-related high frequency noise fluctuations. The bottom transistors
MNx [x: 1~3] are externally biased from VBx through a high resistance RBx while the
top transistors MNy [y: 4~6] are biased by VDD. The input and output nodes are
matched to 50-Q impedance. The octagonal inductors Lx [x: 1~3] are custom-built and
modelled by EM simulation using Ansoft HFSS v15.0 as shown in Figure 6.3. The
inductors L1 and L3 are identical with outer dimension of 63 um and a width of 6 pm
while the smaller L2 inductor has outer dimension of 52 um and a width of 6 um. The
inductance and Q-factor have less variation around the interested frequency range from

40 GHz to 70 GHz as shown in Figure 6.3 (a).
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Figure 6.3 (a) Inductance and Q-factor of the customized inductors — L1/L3 (d =
63pum, w = 6um) and L2 (d = 52um, w = 6um), (b) the 3D view, and (c) the metal-
stack supported by process technology.

6.1.3. Improved BW, low loss and NF performance of the transmission line

By using Ansoft HFSS v15.0 EM simulator the interconnect transmission line is
designed to provide low loss performance. The impedance of this transmission line can
be controlled by the dimensions similar to the micro-strip lines. By stacking several
metal layers using vertical vias for the signal trace and also similarly stacking some
lower metal layers to form the ground plane of the transmission line we can achieve

the desired impedance matching as shown in the 3D view of line as Figure 6.4.

Figure 6.4 Interconnect transmission line (3D-view).
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6.1.4. Bidirectional control by Power down control and transmission line design

The impedance of the LNA at the input and output at turn ON and turn OFF
conditions differ according to the transistor model parameters. This can be ascertained
only by using EM simulation of the passive traces and running S-parameter simulation
on the transistor model provided in the PDK from the fabrication house. Based on this
the impedance of the combiner transmission line is optimized by adjusting the
dimensions mainly the length and width of the signal trace. Since both the LNAs used
in the BDA are identical and the combiner transmission line is symmetrical, the final

response in either direction will be same as shown in the experimental results.

6.2. Circuit Implementation and experimental results of LNA and the BDA

6.2.1. LNA design

The LNA is fabrication in Global Foundries 65 nm CMOS process with same die
area (0.6 x 0.4 um?) as shown in Figure 6.5 (a). By extending the metal stack with vias
along the entire interconnect trace from VDD pad to the metal-2 VDD mesh as shown
in the Figure 6.5 (b) results in a parallel low resistance equivalent network. This
significantly reduces the voltage drop as well as the trace inductance (Lint) from VDD
to the VGussie nodes. This minimized Lint mitigates the formation of negative resistance
and hence results in unconditional stability.

The measured S-parameter plot agrees well with the simulation as shown in
Figure 6.5 (c) and hence verifies the stability condition. The simulated noise figure
(NF) specifies a minimum value of 6.2 dB. The stability factors obtained from the
measured S-parameters highlights that the unconditional stability is achieved by the

LNA implementation.
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From Figure 6.6, we observe that output 1-dB compression point (OP14g), output
saturation power (Psa), and the peak PAE are +1 dBm, +5.8 dBm and 10.3%,
respectively, with a 1.2 V supply voltage at 58 GHz. Furthermore, for a 2.1 V supply
voltage the OP1gs, the Pss, and the peak PAE measured at 58 GHz are +6.3 dBm, +9.6
dBm and 16%, respectively.

The measured performance of the proposed broadband LNA is summarized and
compared with the state-of-the-art works in the Table 6.1. A FoM taking into
consideration the NF, linearity performance and the dc power consumption of the
proposed design exhibits a superior performance with the exception of the design in
[6.8] and is defined as,

OR o [mW]- FBW[%]
(NFmag _1) : F)D[rnW]

FoM[-] = (6.1)

where, OP1gs is the output 1-dB compression point in mW, FBW is the fractional
bandwidth, NFmag is the noise factor and Pp is dc power consumption of the broadband
amplifier.

The higher FoM of the design in [6.8] can be attributed to the performance trade-
off with differential implementation and higher supply voltage that increases the dc

power consumption as well as the die area as compared to the proposed work.

Table 6.1 Performance summary of state-of-the-art 60 GHz wideband LNAs

Reference Frequency |[FBWT| Peak Gain| NF | OPigs | Power | Vdd [Die area| FoM | Topology Technology
[GHZ] [%6] [dB] [dB] | [dBm] | [mW] | [V] | [mm?] | [x10%] | [SEE/DE¥]

[6.4] RFIC'11 53.4t067.5| 23.3 21.7 4.9 -8.4 33.6 1.2 1.7 0.48 SE LNA | 65nm CMOS

56.5t068.7| 19.5 18.1 4 -5 28.8 1.2 0.54 1.42 SE LNA | 65nm CMOS
[6.5]MWCL’12 |55.2t061.2| 10.3 12.5 5.4 —4.5* 4.4 1 0.36 3.37 SE LNA | 90nm CMOS
[6.6] El. Ltr’12 57t064 | 11.6 13 — 6 44.4 — 0.39 — SE PA | 90nm CMOS
[6.71 IMS’13 55t0 67 | 19.7 24 4.5 1* 38 1/2 0.26 3.58 SE LNA | 65nm CMOS
[6.8] JSSC’13 47t077 | 484 225 <7.2 4.5% 52 2.5 0.5 8.8 DE LNA [ 0.25um SiGe
[6.9] El. Ltr’12 52t075 | 36.2 14 4.8 — 32 2 0.22 — SE LNA | 90nm CMOQOS
[6.10] IMS’14 59 to 67 12.7 13.5 4.4 —6.5 4.8 1.3 0.14 3.38 SE LNA | 0.13um SiGe
This work [A.10]| 47.6 to 67.1| 34 13.7 6.2% 1 27.6 1.2 0.24 4.89 | SELNA [65nm CMOS

Tfractional bandwidth, *estimated value from the measurement plot, ®simulated, £single-ended, *differential-ended
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Figure 6.5 LNA (a) die microphotograph (b) interconnect circuit equivalent (c)
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Figure 6.6 Measured linearity performance of proposed LNA implementation.
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6.2.2. BDA design

The BDA is also fabrication in Global Foundries 65 nm CMOS process with die
area (0.8 x 0.6 um?) as shown in Figure 6.7. By using the back-to-back connected
proposed LNA design along with the interconnect transmission lines the bi-directional
functionality is experimentally verified by switching ON/OFF one LNA while biasing

the other LNA in a complementary fashion by using on-wafer probing.

Figure 6.7 Die microphotograph of the BDA.

Based on the simulation and measurement S-parameters as shown in Figures 6.8
and 6.9, respectively the proposed BDA has identical forward and reverse S-parameter
characteristics. There is a measured drop in gain of about 2-3 dB as compared to the
simulation result which can be accounted for the inaccuracy of the extracted Q-factor
at such high frequency by the 2.5D EM simulation using ADS Momentum EDA tool.

The measured S-parameters results are shown for both the transmitter (red) and
receiver (blue) mode as follows in Figure 6.9. This symmetric result with isolation of
about 40dB is achieved between the two modes and the return loss is also not
significantly affected and provides the proof of bi-directional reconfigurability of

amplifiers. However, the performance of the BDA is degraded from the standalone
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LNA design and can be ascertained to the interconnect losses of the transmission lines

that needs further optimization.
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Figure 6.8 Simulated S-parameters and noise figure of the proposed BDA design.
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Figure 6.9 Measured S-parameters of the proposed BDA design.

133



Table 6.2 Performance summary of state-of-the-art 60 GHz wideband BDASs

Parameter [6.11] [6.12] This work
Technology 90 nm CMOS 65 nm CMOS 65 nm CMOS
Frequency [GHz| 506.5 to 63* 55 to 66* 54 to 66 56 to 66 55 to 66
Peak gain [dB] 20 19 17.8 21.5 8.6

NF [dB] 8 to 10* - 5.6 to 9* - 6.8 (Sim)
S11/822 - - <-10dB <-10dB <-8dB
Power [mW] 15.6 22.1 13.2 96.2 18.0
OP1dB [dBm] -9 +4 -11.2 - -2.0

Psat [dBm] +3.5 +7.5 - +5.6 -
Topology [SE£/DEY] SE LNA SE PA SE LNA SE PA SE LNA

*gstimated value from the measurement plot,  ®simulated, fsingle-ended, *differential-ended

Based on Table 6.2 we find that the proposed BDA has comparable wide
bandwidth, low noise figure, and input/output matching to the state-of-the-art designs.
The proposed design does not incorporate SPDT switches has low power consumption

and smaller die area of 0.6 x 0.8 mm?.

6.3. Summary

The proposed LNA achieves unconditional stability by using layout optimization
technique and achieves a peak gain of 13.7 dB, a wide bandwidth of 47.6 — 67.1 GHz,
and a dc current consumption of 23 mA from a 1.2 V supply voltage. Moreover, the
proposed design simultaneously achieves low noise performance and an enhanced
linearity which is quantified by a FOM that is better than the state-of-the-art works. By
incorporating this high performance LNA into the BDA design along with an
interconnect transmission line results in the bi-directional reconfigurability of

amplifiers.
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Chapter 7. Conclusion & Future Work

7.1. Conclusion

In this dissertation, the motivation behind the need for reconfigurable designs
along with the various amplifier reconfiguration options are extensively investigated
theoretically and the analysis is verified experimentally. Several reconfiguration
approaches are proposed by incorporating them in amplifier designs, successfully
fabricated the proposed designs and measured by using on-wafer probing.

Besides the conventional amplifier design circuits, several reconfiguration
options such variable gain, variable bandwidth, variable center frequency and variable
directionality are extensively discussed. In addition to incorporating the reconfigurable
options, several design techniques are aggregated to provide a high performance
design that are comparable with the state-of-the-art. This thesis will be useful for the

RFIC designer working predominantly in the high frequency amplifier design area.

The major contributions reported in this dissertation includes the following,

1) A SiGe BICMOS based variable gain amplifier topology, circuit schematic
design methodology, layout implementation, and measurement procedure are
explained in detail. The topology has the advantage of providing a gain control
independent input/output matching to 100-Ohm differential impedance. The topology
also explains on the enhanced gain-bandwidth product of the cascading amplifier
stages by using the proposed interstage network. At the circuit design level a new
technique to provide a precise digital gain control with dB-linearity and temperature
compensation, with feed-forward high pass filter dc offset cancellation, diode
connected transistor load of the output buffer for common mode feedback,

transimpedance load of the input fixed gain amplifier for linearity improvement,
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current mode biasing to limit the rail-to-rail dc power consumption and to provide the
power down mode.

2) A CMOS based VGA with additional reconfigurable bandwidth using tunable
on-chip dc offset cancellation is proposed. The problem statement mentioning about
the need for such a reconfigurable dc offset cancellation design providing an optimum
compromise between the contrasting digital baseband trade-off of BER (bit error rate)
and SNR (signal to noise ratio). The design proposes a feedback low pass filter
cancellation technique to provide a DCOC that can be bypassed by using a DCOC
switchable feedback amplifier. Additionally, using a MOS based RC low pass filter
provides a fine tunable option of the DCOC cut-off frequency.

3) A SiGe BICMOS based frequency band-switchable high efficiency drive
amplifier is proposed to signify the amplifier center frequency reconfiguration. By
using current reuse technique the design provides biasing that improves linearity of the
output drive stage as well as consumes low dc power that provides a better conflict
resolution between the contrasting tradeoff of the drive amplifier namely the efficiency
and the linearity performance. Additionally, the design incorporates a transformer
based tank circuit as the load for the output stage. The tank circuit provides an
enhanced Q-factor due to magnetic coupling by using a 2-coil transformer with a
varactor bank in the secondary coil. The varactor supports frequency band switching.

4) A bi-directional amplifier using identical low noise amplifier is proposed and
implemented in a CMOS technology. Such amplifiers are mainly required for smaller
form-factor phase array matrix. By using a low-loss micro-strip transmission line as
interconnect between the two amplifiers we can achieve a two port bi-directional

amplifier. This design has identical S-parameter characteristics with signal flow in
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forward as well as reverse direction as determined by the amplifier biasing.
Additionally the amplifier stability improvement by layout technique is illustrated.

The amplifier reconfiguration options as well as the need for several design
techniques introduced in this dissertation are mainly driven by the application
requirement as well as the constraint of low power design and compact die area
specification. Thus making them a suitable options for integration into the “Smart”

mobile applications.

7.2. Future Work

As the level of integration for the modern day “Smart” mobile devices like cell
phones, tablets, laptops, PDA, etc. against the same or compact form-factor results in
the limited silicon die area required for including and implementing the various
transceiver blocks to meet most of the standards. Hence a better alternative to alleviate
this constraint can be achieved by designing reconfigurable amplifier blocks which
have great research potential with many possibilities like the phase shifters using

vector modulators, multiple path selection, bi-directional amplifiers, etc.

The motivation for design of the proposed reconfigurable amplifier is to
incorporate them into larger system such as,

1) Automatic Gain Control (AGC) closed loop system provides a regulated
power level to the following circuit blocks even at the expense of a large input signal
variation (dynamic range). The AGC is extended for application such as RF
transceivers to provide constant signal strength to the circuitry in digital baseband,
even with signal strength fluctuation across the channel between the transmitter and

receiver. VGA is the crucial circuit integrated in the AGC that performs the key
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function of the gain variation in accordance with the acquired input signal strength. By
using this gain control mechanism based on the input signal strength, the AGC sets the
output signal strength to a predetermined fixed level.

2) Reconfigurable high performance RF transceiver system are the key for
accommaodating multiple standards within a same mobile device as well as providing a
flexibility to control the performance at various stages of RF transceiver. Such a
flexibility can be obtained by incorporating the amplifiers with the proposed
reconfiguration options.

3) Reconfigurable smart sensor networks system requires three sections
acquiring the required data from sensors, processing them to extract more useful
information and finally communication of the information across the network. This
requires better control of each node which can be provided by the reconfigurable
amplifiers and to operate with low power and small area constraints.

4) The variable bandwidth VGA design provides a reconfigurable solution to the
RF transceivers that can support multi-standard baseband interface by switching
(reconfiguration) the system topology between the direct conversion receiver (DCR)
i.e. zero-IF scheme and the tunable low-IF (superheterodyne) receiver schemes.
Furthermore, by using tunable low-IF (superheterodyne) scheme we can achieve a
better compromise between the BER and SNR contrasting baseband system
requirements.

5) Conventionally the multi-band applications such as the software defined radio
(SDR) system has several set of transceivers, each of them operating at different
frequency bands. By using software configuration one can switch between these
transceivers to shift between the frequency bands. Only one transceiver is operational

at a time resulting in design redundancy. This can be overcome by integrating the
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proposed variable center frequency VGA in SDR and just by band switching of both
the VGA (used as LNA and PA) as well as the VCO we can shift between the various
operating bands.

6) Beam-forming by using phase array matrix requires multiple sets of
transceivers and the main directional component in the transceiver is the amplifiers.
Due to this reason, we need to have duplication of the transceiver chain to work as
transmitter and receiver. By incorporating a passive mixer which works as bi-
directional component and the proposed bi-directional amplifier we can achieve a
whole transceiver as a single chain which is bi-directional. This also reduces the
number of antennas in the array by half.

7) One major concern at the product manufacturing stage is the low cost
maintenance support. One of the possibility to achieve this is by using on-chip built-in
calibration circuits. To support such a feature, the proposed reconfigurable amplifiers
can be incorporated in the system and externally controlled to automatically correct

post-fabrication errors.
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