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CHAPTER 1

Introduction

As interest in wireless portable computation has bléssomed over the past several years, the
electronics industry has seen the much anticipated debut of such products as the Apple
Newton fall upon lethargic sales and widespread consumer dissatisfaction. These systems
have attempted to provide a networked computing environment to individuals by basically
building a small computer with a cellular phone connection to provide “connectivity” to
the growing internet. However, portability requirements have severely limited the amount
of computing resources that can be placed in such units; this fact, coupled with the use of
a low-bandwidth wireless link have resulted in products that have failed to provide the
quality of service necessary to please the modern-day consumer. An alternative is the UC
Berkeley InfoPad.

The Infopad system places almost all of the user’s computation in large, non-portable
resources on a high-speed wired network, all of which is connected to the portable unit
through a wideband wireless radio link. Such a system has many attractive advantages
over current implementations. By moving a majority of the computation away from the
portable unit, significant power savings can be achieved, extending battery lifetime for the
user. Furthermore, since voice and pen recognition are also performed by the non-portable
server, information passing over the wireless link is restricted to voice and video data.
Since these forms of data are inherently resistant to bit errors (i.e. the human senses may

not detect bit errors below a certain level), a higher bit-error rate can potentially be toler-

Analog Circuits for an All CMOS Integrated CDMA Receiver . 7



Introduction

ated in the radio connection. The caveat to all of these advantages is that the require-
ments of the wireless radio link become much more severe. Supporting multiple users
demanding multimedia (e.g. video) data rates results in a system which consumes a
large amount of bandwidth. The UC Berkeley Infopad Project is an attempt to design
such a system. Therefore, the design of the Infopad radio needs to simultaneously

achieve high speed, wide bandwidth, extremely low power, and high integration.

The work presented here represents part of the effort to design and build the infopad
radio receiver as a low-power, monolithic, single-CMOS-chip. In particular, this work
focuses on the design and implementation of high speed, discrete-time variable gain
circuits, as well as an extremely fast, low power 4 bit analog to digital converter for

use in the integrated receiver chip.
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CHAPTER 2

Motivation

2.1 Architecture

In order for a true multimedia server to support video data to multiple terminals, a large
amount of bandwidth is required. In fact, almost 100 MHz of bandwidth are specified for
the system in order to support up to 50 users in a single cell (taking into account that high
quality compressed video data rates require on the order of 1-2 Mb/sec). This is quite a
sizeable amount of data, and in order to robustly support such a broadband transmission, a
direct sequence spread spectrum modulation scheme was adopted [1]. While there are
numerous reasons for taking advantage of the noise immunity and potential multipath
interference rejection of a spread signal, the decision to transmit a CDM (Code Division
Multiplexed) signal has several significant side effects on the design of the receiver cir-
cuitry (see [2], [3], and [4]). Perhaps the most obvious is that each user must now receive
and decode a transmit pulse that has been modulated with a pseudorandom code, requiring
high speed signal processing to despread the information. On the other hand, no frequency
tuning in the receiver is required since the entire band is translated directly to baseband
(actually, the signal is mixed to a low IF frequency where it is directly converted from ana-
log to digital and mixed to baseband digitally). Also, since quantization noise is rejected
by the spread spectrum processing gain, the resolution requirements on the ADC in the

receiver are greatly reduced [5). Table 1 is a summary of the specifications for the InfoPad

Analog Circuits for an All CMOS Integrated CDMA Receiver 9



Motivation

radio receiver design [1]. A standard superhetero-

TABLE 1. System Parameters

ment the receiver design

presented above. A representative

Carrier Frequency
Chipping Rate
Spreading Gain
Raw User Data Rate
Symbol Rate

Rec'd Signal Strength
(into 50 ohms)

A/D Resolution
A/D Conversion Rate

>1GHz

64 MChips/sec

64 (18dB)

2 Mbps

1 Mbaud (DQPSK encoded)

-80 dBm to -40 dBm
(dynamic range)

4 bits
128 Msamples/sec

block diagram for such a receiver
is shown in Figure 1 including a
transmit section. Down conver-
sion is performed in two steps
before analog-to-digital conver-

sion -- requiring two local oscil-

dyne architecture could certainly be used to imple-

lators, multiple mixer and

amplifier chips, and numerous

discrete filter components. Clearly, such a design does not lend itself easily to a highly

integrated, low-power implementation [6]. The power consumed by each active ele-

RF LNA/Mixer
65 mW

B B

IF AGC
60 mW

Receiver

IF Mixer
45 mW

>

250 mW per ADC

Transmitter

Modulator
165 mW Lveq
40 mW

[DAC |- a

0 mW per DAC

FIGURE 1. Superheterodyne Transceiver Architecture
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Motivation

ment is included in Figure 1. The receiver alone consumes on the order of 750 mW of
power, with a large portion of that going into the discrete A/D converters. By design-
ing low-power A/D converters in CMOS technology and by switching to a quasi-

direct conversion architecture, higher integration and significant power savings can be

achieved. \

A homodyne conversion can be achieved by subsampling the RF carrier directly [7].
By constraining the subsampling rate to be an integer divisor of the carrier frequency,
the RF signal is converted directly to a discrete-time baseband signal. Although energy
from every integer multiple of the sampling frequency is mixed down to the discrete-
time baseband region, prefiltering can be applied to narrowband the noise around the
RF carrier band. Figure 2 shows the process of subsampling in the spectral energy

domain. The InfoPad CDMA radio uses this technique to replace the superhet archi-

tecture with a single sim-
ple CMOS sampling
switch being driven by a

signal energy

crystal oscillator. The
architectural change

results in the elimination
of two VCQOs, two bipolar
mixer chips, and a
quadrature tank element,

with significant savings in

FIGURE 2. Subsampling Downconversion Mlustrated power, area, and com-
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Motivation

plexity. However, the InfoPad CDMA radio design does not guite follow this model
exactly. In order to avoid the multitude of problems associated with direct conversion
receivers, the subsampling mixers convert the RF signal to a low intermediate fre-
quency of 64 MHz. This signal is directly converted to 4 bits of digital information at
a 4x oversampling rate of 256 MHz, and is subsequently mixed to baseband digitally
(a 4x oversampling ratio is required for the timing recovery loop). At such a high con-

version rate, the design of a low-power CMOS A/D converter becomes quite challeng-

ing even for only 4 bits of resolution.
. . Amplitude
Fortunately, as Figure 3 illustrates, a 64

MHz sine wave, sampled at 256 MHz = +1 .
i ™ tine

consists of mostly zero samples. There- T -
-1| v KJL/

fore, by multiplying the input signal

(on a sample by sample basis) with the  FIGURE 3. 4x oversampled sine wave

values shown in Figure 3 (+1, 0, -1, 0, +1...), every other sample can be eliminated.

The net result is that the analog to digital conversion only needs to take place at 128

Msamples/sec. (Still a formidable number for a low power CMOS converter!)

2.2 Chip Design

A block diagram of the fully integrated receiver chip is shown in Figure 4. The shaded
blocks indicate the focus of this work. The automatic gain control circuitry could be
placed either before or after the sampling demodulator blocks, but by placing the AGC
after the subsample-mixing operation, the design moves to the discrete time domain.

Discrete time amplifiers can implement precisely controlled gain determined by the

12
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Receiver Path

For single chip
CDMA receiver
Image Noise
Filter Filter '
/
r-""]——— = — — — o — — e ——_——— —_——_——_— = i |
V7 Buffer &
\/ Fixed Gain
RF LNA

Sampling
Demodaulators

Digital

Processing

-

FIGURE 4. Integrated CDMA Receiver Chip
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Motivation

ratio of capacitors. Furthermore, by switching in and out capacitors, the amount of

gain can be controlled digitally in discrete increments. But perhaps most importantly, a

discrete-time amplifier can be implemented as a cascade of stages. A continuous-time
amplifier before the mixer would not only require inductor tuning to the RF carrier fre-
quency (and therefore, off-chip components), but would also suffer from bandwidth
shrinkage if more than one stage were to be cascaded together. A discrete-time,
switched capacitor implementation is immune to bandwidth shrinkage because the
sampling operation can be thought of as a folding of the entire frequency axis of the
received signal into the 0 to 2n*fg range. Amplification of each sample affects the

entire 0 to 2nt*fg band. Therefore, high gain can be achieved without loss of band-

width (although a settling time requirement must still be met).

2.3 Process

By implementing the functional blocks described in this section in CMOS, an enor-
mous reduction in complexity, component count, and power consumption can be
achieved. Furthermore, by using a standard digital CMOS process, the digital signal
processor which performs the spread spectrum demodulation can also be integrated
onto the same die, resulting in a single chip radio receiver! (Although at the time of
this writihg, the DSP block has been fabricated on a separate die. [4].) Digital CMOS
technology has advanced rapidly over the past few years, thanks largely to the impetus
provided by the growing computer industry. Therefore, a CMOS process geared for a
digital application can achieve higher integration and lower cost than an analog pro-

cess because of finer line-widths and fewer processing steps. In order to achieve the

14
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eventual goal of a single-chip solution, the InfoPad CDMA radio has been designedina
standard digital CMOS process. Access to this 1.0 micron Hewlett-Packard technology
was provided by the MOSIS service. Unfortunately (and perhaps not surprisingly), there
are several pitfalls to designing high-performance analog circuits in a technology intended
primarily for digital circuit design. Precision resistors, for example, are not available in
this process. Transistor output impedance is lower than might be expected from an analog
CMOS process of comparable minimum gate length. Bipolar transistors usually provide
too little benefit, usually require static power consumption, and are too costly to justify in
a digital design (many analog technologies at the time of this writing include the ability to
implement bipolar and CMOS transistors -- and are called BICMOS processes), but per-
haps most importantly, a digital technology lacks a second layer of polysilicon which is
used in analog designs to implement precision capacitors. Analog CMOS circuit designs
utilize two layers of polysilicon, separated by a thin layer of dielectric oxide, to create the
floating capacitors used in switched-capacitor and sample-and-hold circuits. The absence
of a second layer of poly makes the creation of these capacitors difficult since the dielec-
tric oxide separating the metal and polysilicon layers is typically quite thick, resulting in a
capacitance-per-unit area 100 times smaller. Therefore, capacitors created in this technol-
ogy from overlapping plates of metal and/or polysilicon consume a large amount of area;
and perhaps even more importantly, each capacitor implemented in this fashion, includes a
large parasitic capacitance to the substrate whose value is as large or even larger than the

value of the desired capacitor.

Chapter2 15
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TABLE 2. NOMINAL PROCESS SPECIFICATIONS

Parameter Parameter
NMOS Vt 0.74 volts PMOS V¢ -0.85 volts
NMOS KP (uC,,) 119 pA/V2 PMOS KP (uC,,) 34,0 pA/V?
NMOS Lp 0.16 um PMOS Lp 0.105 pm
NMOS delta W 0.36 um PMOS delta W 0.39 pm
NMOS gamma 0.58 V12 PMOS gamma 0.50 V12
NMOS lambda 0.02 PMOS lambda 0.085
Capacitance
tox 161 A Cox 2.17 fF/um?
Cooly-sub 0.058 fF/um? § Cmi-poly 0.055 fF/um?
fringe per edge 0.043 fF/um fringe per edge 0.049 fF/pm
CMi-sub 0.031 fFFum? J| Cmim2 0.035 fF/um?
fringe per edge 0.044 fF/um fringe per edge 0.046 fF/um
CM2-sub 0.015 fFjum?  § Cma-m3 0.035 fF/um?
fringe per edge 0.035 fF/jum fringe per edge 0.049 fF/um
Sheet Resistance
Rpgier 2.4 ochms/sq Rpaift 2.0 ohms/sq
Rpoly 2.2 ohms/sq Rmimz 0.07 ohms/sq

Table 2 is a summary of some of the key parameters associated with this process. A
key point of interest is the fact that the NMOS transistors undergo a mask shrink dur-
ing processing, resulting in an NMOS device with a minimum drawn gate length of

0.8 microns instead of the 1.0 micron drawn length of a minimum sized PMOS device.

Motivation



Therefore, an important design consideration is the asymmetry of the technology (i.e. the
n-type transistors have a significantly higher fr than the p-type devices not only due to a

higher carrier mobility, but also due to a shorter minimum gate-length.

The following chapters will detail the design, implementation and testing of the AGC and

A/D converter motivated in this section.
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CHAPTER 3

Background

This section is intended to give some background n{aten'al on MOS switched capacitor

sampling and A/D converter techniques (especially high-speed topologies). It is by no

means a comprehensive discussion or tutorial on design of either type of circuit.

3.1 Analog to Digital Conversion

In a world increasingly dominated by digital signal processing, analog to digital convert-

ers play an important role as the interface between “real-world” analog signals and the

digital circuitry used to process them. Conceptually, an A/D converter takes an input sig-

nal and compares it to a set of predetermined equally-spaced reference values, outputting a

digital code for whichever value is closest to the input signal. In this manner, an A/D con-

verter quantizes the range of possible values a signal can take and approximates the real

signal level with one of the quan-
tized values. This approximation
function adds a natural error to the
output of the A/D. Referred to as
quantization noise, this error is
determined by the resolution of the

converter and has a major impact

Input signal

n-bit A/D

2" levels

n bit digital
output

FIGURE 1. A/D conversion function

Analog Circuits for an All CMOS Integrated CDMA Receiver
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on the design of the A/D. In fact, for each additional bit of digital output desired, the
resolution required (i.e. the number of reference levels used for comparison) increases

by a factor of two.

Figure 1 shows the basic functionality of an A/D converter block, including the divi-

sion of the input range into 2" equally spaced levels. Clearly, in order to reduce the
quantization noise introduced by the converter, more resolution is desirable. However,
since complexity increases with both speed and resolution requirements, several dif-

ferent architectures of converters have evolved.

The most basic A/D architecture is the flash converter. A representative flash converter
is a simple, logical extension of Figure 1. It consists of 2" comparators, each compar-

ing the same input signal against one of 2" different reference voltages generated from

0 41 41
T T T Binary Output

Decoding Logic

FIGURE 2. Simple 3-Bit
Flash Converter

AARAAAN
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aresistive ladder bias. All of the comparators work in parallel, and are followed by digital

logic converting their 2° outputs into an n-bit number. A simplified schematic of one pos-

sible implementation of a 3-bit flash converter is shown in Figure 2. (It should be noted
that since the input signal is assumed to be within the V¢, to Vrer. Tange, only 2°-1 refer-

ences and comparators are really necessary.) Flash converters are fast, straightforward,

and have very low latency; but they have the major drawback that size and power increase

exponentially as the resolution is increased. A 12 bit converter requiring 212 = 4,096 com-
parators is clearly a distasteful proposition at best! Therefore, alternative architectures

have been developed for high accuracy conversion.

3.2 The Subranging Architecture

Subranging and pipelined A/D converters represent two methods of reducing the area and
power consumption of high resolution flash converters. A subranging architecture per-
forms the conversion function in two steps using essential two flash converters -- a
“coarse” and a *“fine” converter. For example, an 5 bit comparator could be broken up into

a 3 bit coarse comparison and a 2 bit fine comparison as shown in Figure 3. In this manner,

the comparator count is reduced from (23-1) = 31 to (23-1) + (22-1) = 10. Such a savings
never comes without a cost, and indeed the subranging architecture suffers a speed hit
when compared to a straightforward flash converter. The fact that the conversion must
occur in two steps -- with the coarse comparison necessarily finishing before the fine con-
version can begin -- decreases the maximum rate at which the subranging converter can be
clocked.
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FIGURE 3. 3-Bit -- 2-Bit Subranging A/D architecture.

3.3 The Pipelined Architecture

Unlike the subranging A/D, the pipelined architecture eliminates the need for the coarse
conversion to complete before the fine conversion can begin by latching the signal in
between the two steps. This is exactly the same technique used in pipelining digital datap-
aths. By sampling and holding the signal in between functional blocks, the latency of the
converter is increased, but the throughput is also increased. Furthermore, the pipelined
converter can relax the offset requirements of the fine comparators by replacing the mux
shown in Figure 3 with an analog subtracter. Once the most significant bits of the signal

are known, they can be passed through a DAC and an analog representation of the MSB’s

22
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k-bit
| ADC

Input + residue E To next stage

DAC

!
k digital bits

FIGURE 4. Single Stage of a Pipeline A/D Converter

passed on to

next stage
Vmax Vmax Vmax

Gainx4  _ |
- B

-

-
-

Zi } residue
T~

Vmin Vmin
FIGURE 5. 2 bit -- 2 bit Pipeline Conversion Example
can be subtracted off from the signal. In this way, the residue that is left, which represents

the LSBs of the signal, can be gained up to the original signal level. In Figure 5 for exam-
ple, a 4 bit converter having an LSB size of 120 mV is broken up into a 2 bit -- 2bit pipe-
line. After passing through the first set of comparators, the difference between the input
and the analog representation of the 2 MSBs is generated and amplified for conversion
into the LSBs. In the final conversion step, the LSB size has changed to 480 mV. A sample
block diagram of one stage of a pipeline A/D converter is shown in Figure 4. Multiple
stages may be hooked up together, and any number of bits (limited by flash converter size)
may be resolved in each stage. Finally, pipeline converters have one other feature which

makes them very attractive to use -- namely, digital correction. Digital correction takes
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advantage of the gain between stages of a pipeline converter in order to reject the ran-
dom offset inherent in all comparators. By using extra comparators to detect when the
signal has been incorrectly evaluated in a previous stage, a properly implemented dig-
ital correction scheme can make the comparator offset in all but the very last stage of
the pipeline irrelevant. Furthermore, the input-referred offset of the final stage gets
divided by the sum of all the interstage gain preceding it. In other words, the required

comparator offset for a 1-bit per stage, 10 stage pipeline converter would be 210 -
1024 times less stringent than the offset required of a flash converter! For a full expla-

nation of the technique of digital correction, please see [8].

3.4 The Sample and Hold Circuit.

Almost all A/D converters not only convert an analog signal into a digital number,
they also convert a continuous time waveform into a signal which is discrete in time.

Therefore, the A/D converter samples the input signal at discrete instants of time usu-

ally at a fixed rate (the conversion i
sampling

rate). Sample and hold circuits typi- S Vg Xs Instant

on— .
cally precede A/D converters and per- 1_ \'/1/
t vin'VT 1
1

form the continuous-to-discrete-time ~ °ff— t
Vv
1 3
conversion so that the converter does Sjl" Yom _L Vo
not have to deal with a rapidly chang- ?Vm -]—C v Mpess L
in C
ing signal -- instead, by sampling the I ’ 5 :

FIGURE 6. Simple Sample and Hold

Background



V“ V )
, gate t 1
Vgate —-\_0 -\-Ir -vsamp"'v'r
Input signal Coverlap I ==y

v le i l | vermr

2\ P Vsamp /\J\
Qe ™| Coumpte / ' _! ________ t.
T :

time

FIGURE 7. Sources of Error in Basic Sample and Hold

input signal before feeding it to the A/D, the sample and hold circuit (or S/H) provides the

converter with signal which is stable and well-behaved.

The principle behind most CMOS S/H circuits is very analogous to the idea used in
dynamic digital logic. One of the advantages of metal-oxide-semiconductor (MOS) tech-
nology over bipolar junction transistor technology is it’s ability to store charge for rela-
tively long periods of time. Dynamic logic families take advantage of this ability by
passing “packets” of stored charge from one circuit to the next; storing each desired signal
on parasitic capacitances available at each stage. S/H circuits mimic this technique, but
utilize Jarger, more precisely controlled capacitors to manipulate the more delicate analog
signals. A diagram of a simple sample and hold is shown in Figure 6. The natural charac-
teristics of the MOS transistor make it an excellent choice for use as a switch. The right
hand side of Figure 6 shows the circuit with a MOS pass gate used to replace the ideal

switch. As long as transistor My, is on, the switch is closed, and the output voltage will
track the input voltage. When the control voltage on the gate of M55 drops below V, +
V7, the transistor turns off, and a sample of charge Vin*Cs is stored on the sampling capac-

itor. The right hand side of Figure 7 shows the voltage across the sampling capacitor track-
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ing the input waveform until the sampling instant. After the sampling instant has
passed, the value on the capacitor is held constant, and should equal the value of the
input at the sampling instant. However, as Figure 7 illustrates, the act of opening the
switch can introduce an error into the sampled voltage. First of all, the overlap capaci-
tance of the pass transistor provides a capacitively-coupled path for the control voltage
to inject charge onto the sampling node. As the control voltage falls (turning off the
pass transistor), a capacitive divider between C,,y1qp and Cygppy, is formed. The

resulting error is given by:

C
Av = -(-C-,i"—’iff)v,,d (EQ1)

sample

Equation:1 assumes that the control voltage switches from the supply V; to ground,

and does so quickly (the switching time is on the order of the RC time constant associ-
ated with the sampling capacitor and the on-resistance of the switch). Another source
of error comes from the charge stored in the channel of the MOS transistor. Since the

transistor is turned off quickly, the charge in the channel of the device is left to dis-

G charge to either Cg or to the input. The
J|= amount that flows to C depends on the
— Sy ﬁs > \ 34 impulse response of the distributed
Vin 53) ! ) |, | resistance of the channel in series with
v S + Yout| the impedance on either side of it; how-
v ever, a reasonable approximation

FIGURE 8. Bottom Plate Sample and Hold
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assumes that 1/2 the channel charge flows to each side of the transistor for a fast V4, to

ground transition. The resulting error is:

Av = -l( Qdm'm") = 1 (Ltffwcox (Vdd— Viu - VT) )
Cs 2 C,

(EQ2)

The fact that the error introduced is dependent on thé input voltage has dire consequences.
The input dependence means that the error is no longer a DC offset phenomenon, and is

therefore more difficult to remove for most systems.

Figure 8 shows an improved design for a sample and hold circuit. A technique known as
bottom plate sampling is employed to remove the signal dependence in the error term. The

operation can be understood as follows: At first, S; and S, are closed, allowing the input

signal Vj, to be sampled onto the capacitor C5. When Sg and S| are opened, an amount of
charge proportional to the signal voltage and to the size of capacitor Cs is left floating on
Cs exactly as in the previous circuit. However, if S, is opened slightly before S 1, then the

second switch determines the sampling instant. Since both drain and source of transistor

S, are at ground, no signal dependent charge injection is introduced. When S 1 is subse-
quently turned off, the charge in the channel sees an open circuit on the other side of Cs
and therefore all the charge must flow to the other side of the transistor to the input source
(and again no error is introduced). Finally, both S3 and S, switches close, and the high gain
op amp is now closed in a negative feedback loop, forcing the vbltage at the inputs to the
same voltage. Therefore, the charge on Cy integrates out onto C;. If no additional circuitry

is provided to remove the residual charge on C; after every cycle, then the circuit of
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Figure 6 implements an integrator function. However, if the charge on C; is reset after

every sample, then by carefully ratioing the sizes of the two capacitors, a voltage gain
of Cs/C; can be realized. Therefore, if Cg = C;, then the output voltage should equal

the input signal captured at the sampling instant.

Switched capacitor sampling circuits, while traditionally used as a unity gain sample
and hold preceding an A/D converter, can be easily adapted to perform a straightfor-

ward gain function. By simply ratioing C and C}, the sample and hold circuit in
Figure 6 effects a gain of Cg/C,. Pipeline A/D converters perform interstage gain in

this manner, since the signal travelling down the pipeline is already discrete time. An

added bonus is achieved by switching S; to a reference voltage from a DAC instead of
to ground (See section 3.3 on pipeline converters). The resulting output is (Cs/Cp)*(V;,
- Vy¢p)- Therefore, the interstage gain, and the subtraction of the MSBs can be effi-

ciently combined into this one circuit.
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CHAPTER 4

VGA Circuit Design

4.1 Introduction

A portable terminal such as the InfoPad must have variable gain placed in the receive path
of its radio. The explanation for this requirement is simple: The “portability” of the termi-
nal implies that the receiver may be moving at any given time. A moving terminal may be
physically very close to the transmitter (and therefore receiving a strong signal), and then
move very far away (where it receives a weak signal). Additionally, there may or may not
be a direct line of sight (LOS) between transmitter and receiver -- where loss of LOS can
cause severe degradation of received signal power. Wireless receivers must include cir- ~
cuitry to automatically adjust to these changes in environment. Simply put, the purpose of
the automatic gain control circuit (AGC) is to automatically adjust the gain of the receive
path so that the signal processed by the baseband circuitry appears to be of constant power
regardless of the actual signal size at the antenna. If the signal level after the AGC is too
large, then either the A/D or the AGC itself may begin to clip the waveform, resulting in
severe distortion and loss of signal. (Although this is sometimes acceptable in certain
phase-modulated systems). On the other hand, if the received signal is still too small after
the last AGC stage, the A/D converter may not be able to resolve it (i.e. quantization noise
will overwhelm the signal). In other words, the AGC and the A/D combine to detect a sig-
nal with a wide dynamic range. While it is true that bits in the A/D may be traded off for

gain in the AGC (i.e. increased resolution in the A/D, beyond the minimum required for
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SNR, allows it to detect a potentially smaller signal), higher resolution converters soon
become prohibitively costly (in terms of power, area and complexity). Furthermore,
the digital processing which follows the A/D (the spread spectrum demodulator in this
case) must also process any additional bits added to the A/D -- again increasing power
and area. In order to accommodate the entire 40 dBm of dynamic range in the received
signal (see Table 1), the A/D converter would have to have 9 bits of accuracy (fora 0.3
volt signal). In the end, the A/D can not bear the full load of accepting an extremely
wide dynamic range, leaving the AGC as an important part of the wireless receiver

design.

Every AGC contains two critical blocks -- a variable gain amplifier (VGA) and the
power detector circuit which feeds back the control signal(s) used to adjust the gain of
the VGA. At the time of this writing, the power detector for the InfoPad AGC has not
been implemented. However, the VGA has been designed and implemented with the
eventual addition of the detector and the control loop in mind. Therefore, the rest of
this chapter will describe the design of the VGA block for the InfoPad receiver.

4.2 Amplifier Topology
As mentioned before, the design of the ﬂ
InfoPad CDMA radio’s VGA is a sig- & !

: iy | \ 54
nificant departure from traditional v JIL -
designs. Because of the inherent sam- 33‘5 s2/ v0°ut
pling incorporated into the mixing +

operation, a multi-stage cascade of dis- v

FIGURE 1. Simple Sample and Hold Block
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crete-time amplifiers is used to replace a standard continuous-time VGA (variable-gain
amplifier). Therefore, what was once an amplifier design problem involving a trade-off
between gain and bandwidth becomes a sample-and-hold design requiring an op amp and
a set of switched capacitors that can settle to four bits of accuracy within one clock period.
Figure 1 shows a basic sample-and-hold amplifier as described in Section 3.4; it consists
of an operational amplifier, sampling and integrating capacitors, and several switches
made out of MOS transistors. However, such a simplistic design is inadequate for practical
use. First, the design must be made differential. A differential circuit is necessary not only
to reject charge injection from the switches (to first order, charge will inject equally into
both paths becoming a common-mode offset), but perhaps more importantly, a differential
topology is required to reject common mode noise coupling into the analog signal path
(especially from the large digital signal processing block on chip used to demodulate the
CDMA signal). Figure 2 shows how digital switching can cause common mode ringing on
analog lines. If the sample is taken single-ended, a large error would result (often larger

than the signal itself!). But a differential design with careful layout (so that parasitic

capacitance is balanced differentially)

i

p 3
Vins \/J;Wr: . can maintain a small differential signal
/ l No error amidst such large common mode noise.

I
| differentially
\Y \/\j{v“ -
e R As mentioned before, signal dependent
I single'ended error e . .
1 —.  Charge injection can be a malignant side-
time
FIGURE 2. Coupling of Digita effect of the sampling operation. The
Ringing into Signal Path timing of the control voltages for
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switches S, S,, and S;3 in Figure 1 must be designed to effect the bottom-plate sam-

pling described in Section 3.4. When performing bottom plate sampling, the opera-
tional amplifier shown in Figure 1 is used to drive the output to the correct value
proportional to the input voltage. While quite effective for combatting signal depen-
dent charge injection, there is another side effect to this topology. When the circuit is
in track mode, the output no longer follows the input voltage. Therefore, when the

hold phase arrives, the output must settle to the correct output voltage from some reset

value (usually zero). If the
amplifier is appropriately
designed with adequate
phase margin, the settling
curve follows an expo-

nential curve with a single

RC time constant, and a
FIGURE 3. Settling Time Error representative curve is

shown in Figure 3. Typically, only half of the clock cycle time is dedicated to the hold
period (the other half goes to the tracking period). Therefore, the output has half of one
cycle (T/2) to exponentially approach it’s final value. Unfortunately, an infinite amount
of time is required for an exponential curve to reach it’s final exact value. This can be
seen in Equation 3, where A is the final output value and the error goes to zero only for
t = infinity:

~1/%

Vou=A(l-€"Y) (EQ3)
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Where 7 is the time constant of the circuit. Therefore, there will always be an error intro-

duced into the signal due to incomplete settling. Fortunately, the situation is not quite as

grim as it may seem. The settling error incorporated in Equation 3, Ae’¥?, is linearly pro-
portional to the final value A if ¢ is constant. In other words, if given the same amount of

time to settle, the circuit will always settle to the same percentage of its final value. There-

fore, the gain of the circuit will always be reduced by the constant factor e™/%. As long as ¢

is constant, this gain compression does |

| I8 !
not introduce a real error into the sig- S, i{ 7 i:\‘/l ; i/ 7 § 5

nal. In fact, the actual exact value of —\ ' ‘o o

’ | 1/ NI S3&s,
the gain is rather unimportant since the lq #’ " m..:'.' l‘ -~
negative feedback from the AGC con- + track hold ' norglgn\éerlap
trol loop will try to force the output of HsuﬁlEO:kNiiri(::rfaszing clock phases
the VGA to be constant regardless of used to control sample & hold.

the gain of each stage. (Although the compression still causes a loss of gain in the signal
path!) However, a real error does enter the signal path when the allowed time, ¢, is not con-
stant. Timing jitter in the sampling instant provided by the edge of a clock causes ¢ to vary
somewhat from sample to sample, resulting in an error which is proportional to the jitter
variation, At, and to the slope of the settling curve at the sampling instant. Given enough
time or a very fast circuit, this error can be quite negligible (since the slope of the curve
decreases with time). Unfortunately, the InfoPad design has neither of these luxuries. The
128 Msample per second requirement translates into a 7.8 nanosecond clock cycle time.

At most half of this (and in reality, much less than half) can be used for settling time.
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Figure 4 shows clock phases for the

circuit in Figure 1. The hold period
+ o
- (and therefore, the settling time) is
Vin = ViGp C) SR, { Vo .
Ciy v s reduced in length by the non-overlap-
o ~ ping period between phases (necessary
v

for proper sampling) as well as by the

FIGURE 5. Two Port Representation of finite rise and fall time of the clock’s

Operational Transconductance Amplifier
edges. The hold period for the InfoPad radio’s clocks is about 2.5 ns. In order to both

avoid degrading the SNR of the signal, as well as to avoid significant gain attenuation,
a the settling error in the receiver VGA should be kept smaller than half the LSB of the
4 bit converter. In other words, the error must be less than 1 part in 32 (3.125%) of the

signal level.

e <0.03125 (EQ4)

/1 = ln( )s 347 (EQS5)

_1_
0.03125

Equation 4 and Equation 5 show that settling to this level of accuracy requires approx-
imately 3.5 settling time constants. Plugging in ¢ = 2.5 ns into Equation 5 gives T on
the order of 0.7 ns. However, since the VGA design consists of more than one stage,
each settling error will add to the others, resulting in a larger error. For example, in
order to keep the error lower than one-half LSB for a four stage VGA, each stage
would need to settle to less than 1 part in 128 (~0.8%) of the exact value. The result is
a T on the order of 0.5 ns... or over 310 MHz of bandwidth.
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Therefore, a careful design of the amplifier is required with settling time (and therefore,
closed loop bandwidth) as a primary design constraint. One of the main limiting factors in
the design of a high speed sample and hold amplifier (referred to as an SHA) is the opera-
tional amplifier used to drive the output to it’s final value. In order to achieve the fastest
possible circuit, a single-stage transconductance topology has been chosen for the op amp.
The details of'the design of this operational transconductance amplifier (OTA) is

described later in this chapter. But for the purposes of this section, it is enough to know

c that the OTA can be modeled as a G,
1]|

il > transconductance with a high output

Cs impedance R, as illustrated in Figure 5.
l ” IICP —eVout

= C Figure 6 shows the SHA during the eval-

v uation phase of its operation. C; encloses

FIGURE 6. Amplifier in Hold Mode
(Evaluation Phase)

the OTA in a series-shunt feedback loop with feedback factor:

¢
+Cs+C, +C,

f=z (EQ6)

Where C,, is the parasitic capacitance at the summing node, C;, is the input capacitance of
the op amp, and C; is the output load being driven. Given that the open loop gain of the
amplifier is G,,R,,, the closed loop gain and bandwidth of the circuit can be determined.

Including the capacitive divider before the input to the OTA, the closed loop gain

becomes:
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e (O HE S (7S S
cL Cs+Cp+C,,+C/\144, Cs+Cp+C;,+C,/\1+G R f/f

G.R f is the loop gain, T, of the circuit, and fis given by Equation 6, leaving:

Cs (c,+cs+c,+c,.,,)( T ) cs( T )
Acr = (cs+c,,+c,.,,+c,) C, 1+7) C\1+T (€a#)

The loop gain term in Equation 8 is close to unity for large values of 7. However, in an
AGC, a small reduction in the gain is quite irrelevant since the overall gain in the

receiver is affected very little by this variation because of the negative feedback of the
control loop. Therefore, lower values of T are acceptable, and the closed loop gain of

the amplifier in is close to (but not exactly) Cg/ C;. The settling time at the output

node is determined by the output impedance of the closed-loop amplifier and by the
output load. Therefore, the RC time constant at the output of the amplifier is given by:

—(R" )C—C" EQ9
= eaz)r=gy

Clearly, in order to maximize

the speed of the amplifier, the
feedback factor, f, should be

made as large as possible, and

FIGURE 7. SHA topology sampling
onto C; as well as Cg, the transconductance, G,

should also be increased if possible. G,, is an op amp parameter, and is discussed in
Section 4.3. However, the feedback factor, defined in Equation 6 relates directly to Cg

and C;. Unfortunately, in order to achieve a gain greater than one, the closed loop gain
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of this topology, Cs/ C;

¢e al
93 s ; requires that Cg be
T R
LG .
Vin+ _2s3 S —I— -\ / Vour larger than C, reducing
o j l¢s 1¢ OTA = bias the feedback factor. An
ev e O
{ s2$ L s alternative topology is
o——e * R
Vin~ ; Cs i 1 c L out™  shown in Figure 7 in
T . . .
- ° which the integrating
Os3 Feval i%l capacitor is not only

eeen used to close the feed-
951,23 { 7/' W\ J \

back loop around the

¢eva1_\ / \ / OTA, but is also used as

FIGURE 8. Final SHA topology including clock phasing a second sampling

capacitor to capture a sample of charge from the input. During the track mode (as shown
in Figure 7) the two capacitors are shorted together in parallel, effectively making one
large sampling capacitor. When the hold, or integration phase arrives, the switches shown

in the figure are reversed and the charge on Cg is transferred to C;. The closed loop gain of

C Cs+C . .
the circuit is now ST' - In other words, the new topology achieves a larger loop gain for
1

the exact same feedback factor and bandwidth (a gain of one has been added to the old Cg
/ C; gain term). Alternatively, the sampling capacitor can be made smaller for the same
closed loop gain, but higher bandwidth. (e.g. Cs must equal C; to effect a gain of two in
the new topology, but in the previous design Cg had to be twice as large as C; -- decreasing

the feedback factor.) The final design of the SHA for the VGA is shown in Figure 8. The
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center sampling switch across the

op amp’s inputs and an extra - 7o
s =G
clock phase, ¢, have been added Vig_ . 'l_o —I— <
to provide better charge injection ') 1 d | Jout
matching from the sampling i +
operation (charge injection from
the center switch will be less Gain control
dependent on geometry match- Hsuai:ﬁfvf:;gg'}::ﬂ'eﬁfmml

ing than charge from two separate switches). Not shown in Figure 8 is the control for
changing the gain of this stage. Figure 9 shows the single-ended version of how this
control is accomplished. When the indicated switch is closed, then the circuit is essen-

tially the same as the circuit in Figure 7 whose operation was just described as having

. Cs+C o g .
a closed-loop gain of —S—C—' However, when the switch is opened, Cg is removed
!

from the circuit. The closed-loop gain of the circuit now becomes C; / C;. Therefore,

each stage of the final VGA consists of a SHA providing a gain of either S g S ,ora
1

gain of unity. This capacitive ratio can be chosen to be any value desired; however,
increasing Cg also decreases the feedback factor and therefore the bandwidth

(Equation 6 and Equation 9). Due to the extremely high speed requirements of the
InfoPad environment, stages implementing only 3 dB each have been cascaded

together to provide 12 dB of total gain. 3 dB of gain (or approximately 1.4x) requires a
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Cs equal to a little less than half of C; (again, the gxact value of the gain is unimportant).

Finally, the SHA design requires common mode feedback. Figure 8 shows capacitive
common-mode feedback that has been added with a switch for reset during the sampling

phase. This feedback is essentially the same technique used when the C; loop is closed

(except, of course that it is common mode), since the capacitors feed back the common

mode output to the tail current source of the OTA (see next section).

4.3 Operational Amplifier Design

The heart of the sample-and-hold amplifiers described in the last section is the operational
amplifier. As mentioned before, the high-speed requirements of the system dictate a sim-
Ple, high-bandwidth design for the OTA. While most CMOS sample-and-hold amplifiers
(for use in a pipeline A/D for example) use two-stage amplifiers to achieve higher gain,

the InfoPad VGA design does not have this requirement. Interstage gain amplifiers in a

Aer ~ 4-bit LSB
Vmax Vmax
Gain x4 - A correct output

ST s iR 0
e
= } residue 10
s $: 000 Al ..E
=~ i actual output

Vimin Vimin

FIGURE 10. 2 bit -- 2 bit Pipeline Conversion Example with small gain error
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AGC control
senses value too
small and adjusts

gain
: I
input 1‘ .
gain compressed
due to finite gain
of op amps.

FIGURE 11. AGC compensation of gain errors by negative feedback control loop

pipeline A/D require gain accuracy on the order of the resolution of the entire con-

verter (in other words, each stage of an N-bit pipeline A/D must have gain precisely

controlled to one part in 2N) [9]. However, as mentioned before in Section 4.2, the
negative feedback provided by the overall control loop compensates for any error in
the gain of individual stages of the AGC. Therefore, in the trade-off between gain and
bandwidth, a lower-gain-but-higher-bandwidth design has been chosen. The effects of

gain compression from finite OTA gain are illustrated in Figure 10 for a pipeline stage
and in Figure 11 for the InfoPad AGC.

A single-stage telescopic cascode topology is the fastest known op amp topology
availableﬂin CMOS technology. The use of common gate cascode transistors elimi-
nates the Miller effect at the inputs, and the low impedance seen looking into the
source of a cascode transistor means the circuit is essentially a single-pole system.
While a folded cascode has the advantage of increased headroom capability, the inclu-

sion of PMOS transistors in a folded design adversely affects the non-dominant poles.
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This lower PMOS f7 limits the bandwidth when feedback is applied. Therefore, the tele-

scopic cascode circuit in Figure 12 has been designed for use as an operational transcon-

ductance amplifier [3]. The input transistors and cascode transistors Mipe My, Mpeioess
and M, 45..) are n-type devices to maximize the bandwidth of the amplifier. The width of

the input devices is determined by a settling time optimization analysis presented later in

this chapter. PMOS transistors

Vop

Mopsre+s Mpsres Mpcases and M, ‘—l

SIC+
M ¢ asc. form a pair of active cur- C

peasc ‘ vbiasl C M, [Mpsm.

rent source loads in order to
achieve a high output impedance Vbias2 M CE EMs [Mpwsc-
and therefore a high DC gain. v _.V
The size of these devices is deter- our ou¥
mined primarily by the required M“mca Ehril:Mnmc- -
signal swing at the output of the

V. : M. Vi,
OTA. The devices down the mid- i+ ‘—l[le |:|Ml ml:”_.

dle of the diagram in Figure 12

. o Muin M
represent a high-swing bias cir- i2
Vbias3 I———VCMFB In

cuit for the two NMOS cascode

transistors. M and M, are simply v
FIGURE 12. Telescopic cascode amplifier

a cascoded PMOS current mirror
to bias the two NMOS transistors. M} is forced to operate in the triode or linear range of
operation by the diode connected transistor M,. Therefore, M, acts as a source degener-

ation for M, and the W/L ratio of M; is chosen so that the voltage drop from drain to
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source will match the desired V;; across the two input devices. This value, V, input

should be as low as possible without pushing the input devices into the triode region of
operation. Therefore, the final bias voltage at the gates of the NMOS cascode devices

is designed so that the input transistors M;,, and M,,_ have drain to source voltage:

RMQ ® Vbias1
I —e VbxasZ
CV ref —FIGURETS. Bias
generation for telescopic
cascode amplifier
Vicm _ Voiasz g :
——lm I i
| ~ C Tt JYcMFBIn
M';ﬂl T e Mot

Vas_inpur = Vas_1 = Vasar + Vmargin- A very aggressive margin of 150 mV has been cho-
sen so that the available headroom for the signal to swing in the negative direction is
maximized as long as M, is designed properly to match the Vs drop of the cascode

transistors. Therefore, the design equations for M; and M, are:
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w/L,
W/L, = (—w 7T )(W/Lm,c) (EQ 10)
psre
1
1Dl = u'Cox (W/Ll)( (Vg:l - VT) Vd:l - ivirl) (EQn)

Where Equation 11 can be solved for W/L, since I p;, Vs - V1, and the desired Vyq, are

known. The bias circuitry for the PMOS current sources have been designed with the

same technique, as shown in Figure 13. Figure 13 also shows the tail current source bias

generated from an off-chip current source flowing into an NMOS diode. This diode serves

as a reference for all currents used by the OTAs. The tail current source of the amplifier

simply mirrors the current reference, and transistors M, Mg M7 and Mg also mirror the

reference current for use in gen-
erating bias for the PMOS cur-

rent source loads. M; and Mg

help to match the current being
mirrored into the PMOS current
sources with the current flow-
ing in the tail source of the

OTA by matching the V;

across M5 and M to the

FIGURE 14. NMOS vs. complementary pass transistors

expected Vy; across the tail source (this is critical for matching the currents through the

devices -- the extremely poor A of the process means 145 depends strongly on V). The tail

current source, formed from transistors M,;;; and M,,;p5, is split into two parts so that half

of the current source can be used for common mode feedback during the evaluation phase

Chapterd
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of operation (during the reset phase, both M,;;;; and M,,;;, are connected to the refer-

ence voltage). The use of only half the transistor in the common mode feedback loop
brings down the loop gain around the loop, and helps ensure stability. It also helps pro-

tect the circuit from charge injection and ringing from turning on and off the reset

switch My,
i i Al Gimensions.
v’2+_ 1 Jl- T _\ 4"00!’ _ 44 8
oA 2 T by | Wm0
L L A OTA L W/L, =28/0.8
1 2= )
o—1 1 * ~*ourt

AR e

L L

T i

FIGURE 15. Transistor sizing for sample and hold switches

4.4 Optimizations

Almost any wireless system is designed with the expectation that the received signal
will be small. The loss in signal power suffered from transmission through the air usu-
ally means that the signal seen by the antenna is significantly smaller than the base-
band circuitry (the A/D) can detect. Invariably, amplifiers must be inserted in the
receive path of the signal in order to gain the signal up to a detectable level. At the
time of this writing, a typical A/D converter might expect an input signal which had
been amplified to a maximum range of about +/- 1 volt or even larger. However, sus-

taining such a large signal swing, especially in a switched-capacitor circuit (e.g. the
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InfoPad’s VGA), requires extra power and area. Also, slewing may begin to hinder the
speed of operation for the circuit, and headroom limitations in the OTA may begin to
cause distortion or clipping unless a wide-output swing topology is chosen (e.g. a folded
cascode). Therefore, it is clearly advantageous to apply only enough gain to the signal so
that it meets the minimum power level so that the A/D can accurately resolve it. Adding
more gain than this minimum amount can help relax the accuracy requirements for the A/
D, but might incur all the potential headaches just outlined. Therefore, in a somewhat
backwards design approach, the signal swing at the input of the A/D has been chosen to
just meet the minimum detectable signal given the estimated offset characteristics of the
A/D (allowing, of course, for some extra margin). The entire receive path of the CDMA
radio has thus been designed for a maximum signal swing of +/- 250 mVolts (differen-
tially, this is -0.5 volts to +0.5 volts).

Maintaining a maximum signal swing at a low level has another advantage. Typically, the
pass transistors used as sampling switches for the SHAs would necessarily have to be
complementary in nature because of the larger signal swing. In other words, if Vins and
Vin- differ by a significant amount, then the on resistance of the two switches M, and M.
in Figure 16) may not match each other because of the different voltages biasing them
(Yaa - Vin) -- this can disastrously decrease the input bandwidth of half the sampling path
resulting in signal distortion and introducing a phase error. Therefore, by choosing an

appropriate common mode bias voltage (v;.,, = 1.7 to 2.5 volts in this case), all the

switches in the SHA design (see Figure 8) may be constructed out of n-type devices. Not
only does the elimination of the extra PMOS transistor for each pass gate simplify clock-
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ing (a complimentary pass gate requires clk and cik), but also increases the sampling
bandwidth of the network by reducing parasitic capacitance at the drain and source
nodes. The input bandwidth of the sampling network is determined primarily by the on
resistance of the switches, and by the size of the capacitors used to sample the signal.

In the case of Figure 15, the worst case input bandwidth is given by:

1 2 1
= [(2Ronl " Ronl) + iRvnl‘] (CS+ CI) = (3 onl +5 2 on2)3CS (EQ12)
Where R, is determined by: VoD
1 400 160 400
Ron = 17 BT 1 lll‘| 1
C, (W/L)(V, -
RC,,(W/D) (V- V) 7 i Vi L_ | |:
Clearly, minimizing Cs and Mt 18 [ 400
maximizing WL and (Vgg- 022 ' 15
— f——o
Viem - V1) yields a faster input Vour- Vout+
network. Unfortunately, the j
’ L
feedback factor defined in

Equation 6 will decrease if C; Vine '-l[lm [IZQ fmljl—‘ Vip-

is made small relative to the
parasitic and output load 32% 31235,
Vi 1. .
capacitance on the OTA. bias3 I | VemrB In
v

Therefore, a Cg = 150 fF and

FIGURE 16. Transistor sizing for
a C; =300 fF have been cho- transconductance amplifier
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sen. To meet the input bandwidth requirements of the system, V, has been chosen for 5
volt operation, with a V;,,, = 2.5 volts (although the OTA can operate at a supply voltage
of 3.3 volts, and a common mode voltage of 1.7, the pass transistors used in the switch
array must be driven by a 5 volt clock in order to maintain a sizeable (V4 - Vi, - Vo).
Transistors have been sized for appropriate on-resistances, and their W/L ratios are shown
in Figure 15. The resulting track bandwidth of the input network is on the order of 3 GHz!

(Which was necessary for the sampling demodulator to admit a GHz bandwidth input, but

was perhaps a little generous for the following stages).

Figure 16 shows the relative sizing of the devices used to implement the OTA. All dimen-
sions are in microns. The numbers shown in the figure represent drawn geometries, and do
not include lateral diffusion (Lp) or width shrinkage from implantation of the drain and
source areas. As described in Section 2.3, the process used to fabricate the CDMA
receiver chips is an asymmetric process -- all NMOS transistors undergo a mask shrink to
improve maximum f, of the n-type devices. Therefore, the actual drawn length of each
NMOS transistor has been be decreased by 0.2 microns. (e.g. the input devices are 300/0.8
microns drawn instead of 300/1.0). The design process which yields the devices shown in

Figure 16 proceeds as follows:

2] . . . .
Recall that g = (V—DV) for an MOS transistor. Therefore, in order to achieve maxi-
s~ 'T

mum g,, (and therefore, maximum speed) for a constrained /j, the current density! of the

device, Vg - Vg, should be minimized without forcing the transistor into the subthreshold
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region of operation. For the OTA used in the InfoPad’s CDMA radio, a Vgs-Vr=150
mV has been chosen. Once the current density has been fixed, the drain current

. C . Ccnr?
through the device, 1, = uT”%’ (Ves=Vp) ?, becomes proportional to the transistor’s

WI/L ratio. Increasing the width of the input devices certainly improves the g,, of the
OTA, but unfortunately the input and output parasitic capacitances also increase --
resulting in loss of feedback factor and an increased load that needs to be driven by the

OTA. Equation 14 shows 7 as a function of the input device sizes without taking the
dependence of part of C;, on W/L.

T = C, _ C,_(C,+CS+CP+C,.,,)
"~ G,f  CIRC,, (W/L) (V,,-V))]

(EQ14)

By taking the increased self-loading of a large device into account, Equation 14

becomes:

_ CL(G+Cs+C,+WLC,)
"~ CIrC,,(W/L) (V,,-Vp)]

(EQ 15)

Taking the derivative of Equation 15 with respect to W, and settin g the result equal to
zero, results in a W/L which corresponds to a local minimum for t [10]. The result of
the optimization performed on Equation 15 for this process is the two 300/0.8 micron

input devices presented in Figure 16. The desired current level in the input devices can

1. Current density may be somewhat of a misnomer here since Vs - Vr does not have the units of current per unit

area. It does, however, refer to the fact that the Vs - V1 of a MOS transistor is proportional to the square root of
the drain current, Ip, divided by the W/L ratio of the device.
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c . .
£ 2”Z (Vee=Vy) ? . From this analysis, a total

now be determined from the relation: /1, =
tail current of 2 mA has been chosen. The sizes of all other devices in the circuit are sim-
ply chosen to meet the headroom required from the output signal swing. Finally, the tail

current source has been designed with a non-minimum channel length in order to increase

its output impedance (and therefore, the CMRR).

The designs discussed in the previous sections have been used to implement a small four-
stage VGA. Each stage introduces a gain of either 0 dB or 3 dB into the signal path --
resulting in a net controllable gain of 0 to 12 dB in 3 dB increments. The C; and Cg used

are 300 and 150 fF each respectively, and the transistor sizes are as shown in Figure 15

and Figure 16. See Section 6.1 for descriptions of the actual silicon die, and see Appendix
A for relevant SPICE simulation decks.

SPICE simulations of the proposed VGA design (extracted from actual layout) revealed
that the sample and hold stage met the speed and accuracy requirements dictated by the
system while consuming only 10 mW of power per stage. However, when two or more
stages are cascaded together, a kickback noise problem was encountered. The problem
stems from the large parasitic capacitance associated with the bottom (closest to substrate)
plate of the integrating capacitor C;. At the end of each evaluation phase, C; and its para-
sitic Cy,, have charge equal to CV,,,, stored on them. As illustrated in Figure 7, when the
next track phase arrives, C; is switched to the input in order to sample the next value.

Unfortunately, the charge stored on C; and C}p is kicked back to the previous stage. The

result is a signal dependent signal excursion at the beginning of the previous stage’s set-
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FIGURE 17. VGA Stage Transient Analysis Showing Reduction in Settling Time
Due To Signal Dependent Kickback Noise.

tling curve. These kickback excursions severely reduced the amount of time available
to the circuit to settle to its final value. A transient analysis of two cascaded stages of
the VGA is shown in Figure 17. The clock rate has been slowed to 64 MHz because of
the severe error introduced into the signal at full speed due to incomplete settling. See
Appendix A for SPICE decks samnet.sp and samnet.spice. Simulations show the VGA
stages settling to the required accuracy when being clocked at 1/2 the original rate (64
MHz).
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CHAPTER 5

A to D Design

5.1 Introduction

One of the inherent properties of a spread spectrum system is the trade-off between band-
width and accuracy. More specifically, a direct sequence spread spectrum (DS-SS) system
such as the InfoPad radio trades off extremely high speed for reduced resolution. In other
words, by dividing each transmit pulse into 64 smaller pulses (called ‘chips’) the radio
hardware must now run 64 times faster than might previously have been required if this
“spreading” had not been performed. However, by using a correlator (essentially a
matched filter) on the received signal to “de-spread” it, the noise power introduced by
quantizing the analog signal into a digital code is reduced by a factor of 64 (or more accu-
rately, the signal to noise power ratio (SNR) is increased by a factor of 64). This factor is
called the spreading gain of the DS-SS system, and effectively adds 3 bits of resolution to

the analog to digital conversion function. In other words, if the system’s signal to noise

| S I

S e s

FIGURE 1. Effect of spreading FIGURE 2. Effect of spreading on
a transmit pulse transmit power spectrum

Original
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requirements dictate that quantization noise can not exceed -77dB below the signal
power, then the 12-bit A/D converter required for conventional systems only needs to
have 9 bits of resolution in a spread spectrum environment (with a spreading gain of
64). Figure 1 and Figure 2 are rudimentary illustrations of the effects of spreading
[11]. The spreading gain of the DS-SS matched correlator effectively adds 3 bits of
resolution to the A/D converter; unfortunately, beyond a certain number of bits of res-
olution, the quantization noise becomes quite negligible compared to thermal noise
and interference from other transmissions (the InfoPad system multiplexes several
users into the same physical cell using orthogonal codes to distinguish one user from
another -- in this type of system, called Code Division Multiplexing, each user
receives interfering transmissions from all the other users). At the point where thermal
noise and interference begin to dominate the signal to noise ratio, increasing the reso-
lution of the converter provides no real benefit. Simulations in the U.C. Berkeley
Ptolemy system have shown that an A/D converter with 4 bits of resolution (effec-
tively 7 bits after de-spreading) is sufficient to bring quantization noise well below the
interference noise floor [5]. As far as A/D converter technology goes, 4 bits could cer-
tainly be considered a fairly low resolution converter. Unfortunately, the spreading
gain of the system also results in a 64-fold increase in sampling rate for the converter.
Therefore, the rest of this chapter will detail the design of the 4-bit 128 Msamples/sec
A/D converter for the InfoPad CDMA receiver with achieving low power as a key

design constraint.
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5.2 Architecture

Of all the architectures for high speed A/D converters’, the flash architecture is the fastest.

An N-bit flash converter, as described in Section 3.1, performs conversion simply by plac-

ing 2N comparators in parallel and determining where, among the 2N levels, the input lies.
For a resolution as small a 4 bits, a flash architecture is a feasible option for a 128 Msam-

ple/sec converter. Unfortunately, the amount of hardware and power required for an N-bit

flash A/D increases exponentially as 2N, making a full flash design less attractive because
of the extremely low-power requirements of the system. However, even with a very high
speed comparator design (see Section 5.3), exploration of subranging and pipeline A/D
converters revealed that the 7.8 ns cycle time was insufficient for performing the extra
functions required in these architectures (see Section 3.2 and Section 3.3, for a description
of subranging and pipeline converters). Furthermore, the addition of a high speed sample
and hold amplifier (SHA) in between stages of a pipeline converter increases the power
consumption due to the static current in the operational amplifier. In fact, the increase in

power consumption added by the insertion of a SHA in a pipeline far outweighs the power

saved by reducing the number of comparators from 15 to 8 for a 4 bit converter?. The con-
clusion that might be drawn from this analysis is that the correct architecture to choose for

the A/D converter topology is a flash. Indeed, for a stand-alone 4-bit CMOS converter

1. Although certain other A/D topologies, including delta-sigma and successive-approximation converters, may have
high clock rates, the term “high speed” here refers specifically to a class of converters called ‘nyquist rate’ convert-
ers. Unlike oversampled converters (e.g. delta-sigma), this class of converters processes one data sample per clock
period, achieving the fastest possible data conversion rate for a given clock speed.

2. Note that for higher resolution converters, the addition of a pipeline stage might very well reduce the overall power
consumption of the A/D since the number of comparators increases exponentially with the number of bits, N.
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FIGURE 3. Modified 1-bit to 3-bit pseudo pipeline architecture
operating at 128 Msamples/sec, the flash design would almost certainly be the archi-

tecture of choice. However, by combining the A/D function with the AGC function,
further improvements were possible. The final A/D design for the CDMA receiver
pipelines one of the four bits, resulting in a 1-bit to 3-bit pipeline converter. This
design is depicted in Figure 3. Since the InfoPad CDMA radio uses a discrete-time
AGC immediately before the A/D converter. Each sample-and-hold amplifier in the
AGC looks exactly like the interstage gain amplifier of a pipeline A/D. Therefore, the
hardware to perform most of the pipelining function is already in place and could be
used by the A/D at no extra cost. The AGC consists of several stages of gain, some of
which must be small (for a reasonably fine gain resolution). Therefore, the interstage
gain in the pipeline can be made from multiple sample-and-hold amplifiers, allowing
the function of generating of a residue (input signal minus analog version of MSB out-
put) to be pipelined itself. It was found that by placing two stages of 3dB gain in

between the first comparator and the remaining 3-bit flash A/D, the residue generation
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function could be split into two stages -- allowing enough time to generate a residue at 128
MHz.

The receive path is fully differential. Therefore, by pipelining a single bit of the A/D, the
first stage (MSB) comparison becomes essentially a detection of the polarity of the
incoming signal. Therefore, the 1-bit MSB subtraction function in a regular pipeline can
be changed to a polarity switch (just cross-connected pass gates) based on the results of
the first comparator. This concept is illustrated in Figure 4, and really represents an abso-
lute value function on the input signal. This seemingly insignificant difference between 1/
2 range subtraction and polarity swapping has a surprising effect -- since the magnitude
of the signal has been maintained, the interstage amplifiers of the pipeline can sustain the
gain compression described in Section 4.2 without any detrimental effect. In other words,
since the absolute value function must be performed by the AGC control block anyways,
the polarity flip does not add a non-linearity into the AGC feedback loop -- allowing the

negative feedback to reject any gain variation in the amplifiers.
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It should be mentioned here that the topology in Figure 3 is not quite a true pipeline A/
D. A true 1-bit to 3-bit pipeline topology would require a gain of exactly 2 after the
first comparator stage. As mentioned before, the two SHAS are really two variable
gain stages (0 or 3 dB each) in the AGC. Therefore the total interstage gain between
the two comparator stages can be either 0 dB (no gain), 3 dB, or 6 dB (gain of 2) based
on the RSSI (received signal strength indicator) detected by the AGC. Indeed, since a
fair amount of gain droop can be tolerated in the system, the finite DC gain of the
OTAs may cause the total gain to be even less than 3 or 6 dB. Fortunately, the variabil-
ity of the interstage gain does not have a significant impact on the design. Since the
feedback effect of the AGC control loop tries to force the signal at the output of the
AGC to be of constant power, the reference ladder for the last stage of the A/D is fixed.
The interstage sample and hold amplifiers between the two stages may be set to pro-
vide no gain at times. When this situation exists, offset requirements of the first stage
comparator are identical to those of the last stage. However, when 6 dB of gain exists
between the two stages, the signal (and therefore, the allowable offset) at the first stage
is half that seen in the last stage. As with a traditional pipeline, overranging compara-
tors and digital correction could be implemented to fix any error made by excessive
offset in the first stage. However, as will be described shortly in Section 5.3, the design
of the single sign-bit comparator has a smaller offset characteristic than those of the
other comparators. Thus, even when the signal swing at the input to the first stage of
the pipeline is 1/2 of full range, the converter performs without incorrect codes even
without the benefit of digital correction.
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5.3 Comparator Design

The heart of any analog to digital conversion circuit is the comparator. The comparator
performs the quantization function of the A/D by making a decision about the input signal

relative to some fixed reference. The most basic of converters, the flash A/D, simply com-

pares the input to each of the 2N possible discrete values between the maximum allowed
input and zero. Each of the comparators decides if the input is larger or smaller than one of
the reference levels, resulting in a code of ‘1’s and ‘0’s which can be decoded into a digital
word representing the input’s magnitude. In this situation, the factor which fundamentally
limits the resolution of the A/D converter is the minimum resolvable signal that the com-
parator can correctly make a decision upon. This key parameter is determined by several
different characteristics of the comparator design, including speed of regeneration, over-
load recovery, and random offset. The primary difficulty in achieving high accuracy in a
comparator is the inherent random offset associated with any differential structure. A dif-
ferential pair, as shown in Figure 5 ideally has a differential output of zero only when the

inputs are exactly equal. However, since the devices and parasitics on each side of the lay-

out can not match each other exactly, this is never the
case. The input offset voltage, V,, is the input voltage
that compensates for these non-idealities, and brings the
outputs to zero. V is dependent on process variations,
temperature gradients, and geometry mismatches of the

design. For the simple MOS diff pair in Figure 5, V, is

given by [12]: FIGURE 5. Basic Diff Pair
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AVy  (Ves-Vr) [A (W/L) , ALoa (€Q16)

Vos = W/L | Load

os VT 2

An error in the comparator decision can be made if IV;,, - V. is less than or equal to
IV,sl-  As always, a trade-off exists between speed and accuracy. Therefore, the high
speed throughput required of the A/D converters in the CDMA radio prohibits the use
of most techniques for combating the offset problem (e.g. offset cancellation, large
preamplification). However, a comparator topology has been proposed which achieves

a very good combination of speed and accuracy and is shown in Figure 6 [13].

The comparator, as shown in Figure 6, has a single-ended input and therefore needs to
be modified for the InfoPad’s differential system. This could be accomplished through
the use of a capacitive input sampling network included immediately preceding the

Vdd = 5v Vdd = 3.3V
—S-.
1 srR |LQ
Latch | Q,r
)
1
1
Digital

,:l L_I : Output

FIGURE 6. High speed, low offset comparator (after |13))
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comparator, such as the one shown in Figure 7. Much like the sample and hold amplifiers

described in Section 4.2, the network captures a sample of charge proportional to Vint -
Viem ON the sampling capacitors during ¢,. When ¢, closes, one side of Cg, is shorted to
Vyef+» forcing the other side of the capacitor to v, - Vjop, - Vyofs+- Similarly, the other side
of the circuit generates v;,. - Vicy = Vy,r.. Since v, is a common mode voltage, the diff pair
generates a differential output current proportional to (Vip4 - Viy.) = (Vrefs - Vrer.)- There-
fore, the inclusion of this additional circuit has a two-fold purpose. Not only does it pro-

vide an efficient differential-to-single ended conversion for the comparator, but it also

performs a rudimentary sample-

and-hold operation which might be ®
ful if the A/D i eded b ¢ ot G. ¢,
useful if the is not prec Y Vinsoe ” “:'I ::“ ” »_Vin-
an active sample-and-hold cir- - ) ) )
¢17J<, i L
cuit.The extra sampling operation ref+ “Viem lloutg Viem®  Vrel

provided by the ISN of Figure 7 is
FIGURE 7. Input sampling network (ISN)

certainly not needed in the CDMA radio, since the input signal has already been sampled
and held. Furthermore, a network which depends on large, very precisely matched capaci-
tors becomes very unattractive in a standard digital CMOS process. Not only does the
addition of large capacitors severely affect the input bandwidth of the A/D, it also
becomes very costly in terms of area when the process used does not support a second
layer of polysilicon (see Section 2.3). As mentioned before in Section 4.2, precision
capacitors for the CDMA radio have been created using the dielectric between the first-to-

second and/or second-to-third metal layers. These capacitors consume so much area, and
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incur so much parasitic that the prospect of creating 2*2Nsuch capacitors for an N-bit
flash converter becomes extremely unattractive. Therefore, a modification of the origi-
nal comparator has resulted in a design which is capable of accepting a fully differen-
tial input, and comparing it to a differential reference without the benefit of an input
sampling network. The proposed comparator topology is shown in Figure 11. The
original PMOS differential pair input has been replaced with a modified double-differ-
ential pair topology shown in Figure 8. The output of the circuit are given by the dif-

ference between the two currents I, ,and I, ;:

louw = (%) (Vi = Ve + (Voo = Vina) ) = (%) ((Veet- = Vin) + (Viny = Veera) ) (EQ17)

Therefore, if the bias currents match exactly, the output current is proportional to (v;,,

= Vin-) = (Vrefs - Vygr), Which is exactly the output generated with the input sampling

network. Notice that this topology does

not use the differential pairs in the tradi-

tional manner. v;,,. is not being com-
pared directly with v;,.. A more standard

topology is shown in Figure 9. The dif-

ferential output current is identical to the

! output of the modified circuit given in
T l Equation 17, but there is a significant dif-
Toun Tour_r ference between the two. Suppose a full

F'%‘;gf;hgﬁdiﬁ&gg'g?y ) range input signal is being compared to
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the maximum reference (i.e. v;,, - v;,,. is at

its maximum value, as is Vref+ = Vrer)- In

order for the differential pairs to stay in the
linear range of operation (i, proportional to
differential input voltage), the Vs - Vr bias

for the input devices must be larger than one-

half the differential input (see Figure 10). In “—|

other words, if the devices in the diff pair

were biased with a Vg - V1 =200mYV, and Tlom_l lom_,l
500mV were to be applied across the input FIGURE 9. Standard double-

differential pair stage

terminals, then one side of the diff pair would be completely shut off, while the other
would carry the entire current from the tail source. Unfortunately, when trading off band-
width for power, Vg - Vr should be kept as small as possible (without forcing the devices

into subthreshold operation) to achieve the highest bandwidth for the smallest power

since T e——
( En (Vg: - VT)

, this is really a matter of maximizing g, for a given current level).

I Therefore, making the V- Vr bias as large as the
2 lout
full scale input voltage swing adversely affects

“(Vgs 5 Vr) either the speed or the power consumption of the cir-
1

Vi, cuit. (a large Vs -Vralso reduces the available head-

room on the input stage.) The proposed design in

FIGURE 10, DIfT pair transfer Figure 8 however, does not have this problem. Since

characteristic (I = A*tanh(v,)) Vins is paired with v,z and v, is paired with vy,
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both differential pairs will be well within their linear range of operation even when
both the input and the reference are near their maximum values. While it is true that
the diff pair will become unbalanced when the input differs greatly from the reference
voltage, this is of little imporiance because a comparator is only interested in the sig-

nal when it is near the crossing point with the reference.

The final comparator topology is shown in Figure 11. The input stage, which has just
been described, performs a conversion from a doubly-differential voltage to a single
differential current. PMOS cascode transistors have been added to the input stage to
both improve the output impedance, as well as to eliminate the Miller effect at the
input. The cascode devices also help to improve the regeneration speed of the compar-

ator since the parasitic capacitance on the drains of the cascodes can be reduced by

sk | Q
Latch Qbar

Digital

M r|4:| [;MN Output

FIGURE 11. Final high-speed differential comparator
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undersizing the devices (the input devices must necessarily be larger to achieve a higher
8m)- Therefore, the input stage can be regarded as a single-pole voltage-to-current con-
verter with a good high output impedance. Keeping this in mind, the operation of the rest
of the circuit can now be analyzed. The comparator requires two clock phases which are

shown in Figure 12. The two phases must be non-overlapping, a fact which is common for

| I} many A/D converters, but is especially

|
%_/_\u ' |/—_\_ important for the operation of this par-

—\ | i : ' | ticular topology (as will be explained
o
X e’ T shortly).
(PR > S—Cy 4 ’
reset evaluate ° nor:i-%\éerlap
clock period (T" The first phase of operation can be
FIGURE 12. Comparator clock phases called the reset phase and is illustrated
Vdd =5v Vdd =3.3v
Vin+ Vref+ .':l Vip. S =de__
| Qu
bias|
- I

FIGURE 13. Comparator during reset phase of operation (§; = 0, §; = V4q)
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in Figure 13. The output nodes, which go to the S-R latch, are reset to V 4;. During this
time, the S-R latch maintains its last value. Nodes 1 and 2 are shorted together by an

NMOS switch with on resistance R, providing a good overload recovery for circuit!.
Although M, and M, are connected in a positive feedback loop, the loop gain is forced

to be < 1 by the reset switch -- making the two transistors look diode connected. How-

ever, the input stage is acting as a differential current source, forcing current down M,
and M;. The differential current flowing down the two devices will create a differential
voltage at the two drain nodes (in other words, each device acts as a 1/g;;, impedance
load). Therefore, the voltage shown as v;,;, in the figure is proportional to the compar-
ator’s input voltage by the g, ratio of the input devices to the NMOS latch devices
(M; and M,). Therefore, the function of the reset phase is to provide a good recovery
from the previous sample and to set up an initial voltage proportional to the input (but

smaller) as the starting point for regeneration of the NMOS latch. At the end of the
reset phase, clock ¢, goes to zero. After the falling edge of ¢, there is a brief period of
time during which both ¢, and ¢, are low. This ‘non-overlap’ period is typically
regarded simply as a separator between phases of operation which guarantees that one
phase will not interfére with the operation of another. However, at such a high fre-
quency of operafion, the brief non-overlap period represents a significant percentage
of the clock period, and really can not be sacrificed as an idle period. The state of the

proposed comparator during the period when both clocks are low is shown in

1. Overload Recovery refers to a comparator’s ability to recover from evaluating a sample and then cormrectly eval-
uate a subsequent value.
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FIGURE 14. Comparator during reset phase of operation (¢; = 0, ¢; = 0)

Figure 14. The reset switch across nodes 1 and 2 has been opened. Therefore, the differen-
tial current being provided by the input stage no longer sees two diode-connected loads. In
fact, if the voltage v;,,;, is small then M; and M  are biased at about the same level so that
they act as a pair of NMOS active loads. If the initial voltage, v;,;, is larger than a few tens
of millivolts, then the positive feedback of the latch will force the two nodes to split apart
further towards either supply. However, if Vinit is small (corresponding to an input voltage
very close to the reference voltage) then the currents flowing from the input stage will see
the output impedance, r,,, of M; and M;. Therefore, the voltage gain of the circuit changes
from 4, = -(&“T"“:Pf) 10 4,7 = = (8n_inpuTo_12) - While the first term, 8m_input ! 8m_1.2: 18
actually less than one, the second term represents an amplification of the signal. The volt-

age across nodes 1 and 2 will begin to approach v;, * A, until either the non-overlap
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period ends (and the evaluation phase begins), or the voltage between the two nodes
becomes large enough for the positive feedback of the latch to begin to regenerate it. It
is not uncommon for comparator topologies to include a pre-amplifier (in the form of a
differential pair) immediately before a latch because the preamp reduces the input
referred offset of the latch by its gain. (A latch has a fairly bad offset characteristic
because the positive feedback regeneration grows exponentially with time. Therefore,
a small signal will start out with a slow rate of change.) The proposed topology folds
the preamp and the latch together by using the gain achieved during the non-overlap
period to reduce the input referred offset of the latch once the evaluation period

begins. The evaluation phase of operation begins when ¢, rises (see Figure 12). The

two PMOS switches which shorted the output nodes to the supply are opened, and the

two NMOS switches con-
Vgg=3.3v necting the PMOS latch
to the NMOS latch are
closed. The resulting cir-

o1

cuit is simply two invert-

ers connected in positive
feedback (a full latch)

which regenerates the sig-

U Vini*Avo) -]

Output  nal to near-digital levels.
l:] l:l The S-R latch has been

Q7 added to both bring the
FIGURE 15. Comparator at beginning of .
evaluation phase of operation ({; = Vgq, §2 = 0) final output to a full digi-
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tal swing, as well as to hold the comparator’s last output value during the reset phase. The
final combination of doubly-differential input stage, high-impedance cascode, non-overlap
period preamplification, and S-R latch results in a comparator with low offset, good over-

load recovery, very little kickback noise, low power, and high speed [13].

5.4 A to D Optimizations

Section 5.3 explains the advantage achieved from using the modified input stage shown in
Figure 8 over the standard double-differential stage of Figure 9. The limited linear range
of the differential pair limits the ability of the circuit in Figure 9 to compare a large input
to a large reference voltage. The improved design in Figure 8 avoids this limitation
because it places the comparator switching point exactly in the middle of the diff pair’s
linear range. However, if the common mode voltage of the input is different from the com-

mon mode voltage of the reference, then the switching point no longer falls exactly in the

“IOUl

Vref- - (Vgs = VT) Vref— + (Vgs - VT) vtef+ - (vgs - VT) an.,. + (Vgs - VT)
- ] 1 1 [ o

! 1 ‘ 1
vin- i

vref- Vref++vcm vfef* vref-c-"'vcm

FIGURE 16. Effect of common mode shift on output of modified input stage

middle of the diff pair transfer function. This concept is illustrated in Figure 16. The dif-

ferential output current is given by the sum of the two currents given by the curves shown
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in the figure. However, if the common mode voltage, Vem» shifts the comparison point

outside the linear region of the circuit, as shown by the light grey arrows in Figure 16,
then the differential output near the switching point will be zero, regardless of the
input’s value. In other words, the modified topology of Figure 8 works well even for
large signal swings, but begins to fail if the common mode difference between input
and reference varies significantly from zero. Therefore, the Vg5 - V, bias of the input
devices must be chosen so that the circuit will remain linear during the largest

expected common mode excursion. Unfortunately, the input offset voltage of an MOS

differential pair is given by:

14 -V) A(W/L) . ALoa
= gs 1
Vos = AV'+( WAt Tond (€a18)

Clearly, the offset due to geometry mismatch in the devices increases with Vgs- Vi

21,

Vg:- Vl )

Furthermore, the g, of the input stage is

Not only can the g, for a given cur-

rent can be maximized by reducing Vs - Vi, but the offset can be reduced in this man-
ner as well. Therefore, the bias on the input devices must be carefully designed in
order to have a minimal Vg - V,, while still ensuring some robustness against common
mode excursions. To this end, an input Vs - Vi = 200mV has been chosen. In order to
meet the stringent power budget allocated for the A/D, a total tail current of 40 LAmps
was allowed (10 pA flowing though each input transistor). Using the drain current

. . Cox .. .
equation for an MOS transistor, I, = p'2° -‘E(Vs,- VT)z , the W/L sizing for the input

devices can be determined. The choice of 8jum/1um geometry input PMOSes leads to
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FIGURE 17. Device sizes for comparator

an estimated worst case input offset of 25-30 mV for the comparator, which is just below

half of an LSB (A (w“i,/LL) =0.05, AV,=10mV ). Once the input device dimensions are deter-

mined, the cascode transistors can not be far behind, lest the nondominant pole at the
source of the cascode device become significant. Therefore, the two cascode transistors
have been designed to be half the size of the input devices in order to reduce the capaci-
tance contributed to the NMOS latch. The sizes of the various transistors used in the com-
parator are shown in Figure 17. The NMOS latch transistors should be made as large as
possible in order to achieve a faster regeneration speed by increasing current drive. How-

ever, the parasitic capacitance at the two nodes 1 and 2 is partially determined by the
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width of transistors M. Therefore, an optimum transistor width can be found from the

time constant equation:

1= Ciiotat - Sma_:_mc"'“ww

Where « is the capacitance per unit width contributed to node 1 (or node 2) by the two

(EQ19)

My, transistors. Optimization of Equation 19 yields:

C. . usini
Wy = ":’"“ = 16.5um (EQ 20)

As described in Section 5.3, the initial voltage from which regeneration will start is

determined by:

- gmin ) _
Vinis = -( Tn- /R Vin=Veep) (EQ21)

OIIY.")

Therefore, the R, of the NMOS reset transistor must be made large enough to ensure

a sizeable initial signal voltage, but small enough to provide a good overload recovery
during the reset phase. Since the primary purpose of the reset switch is to drop the pos-

itive loop gain of the latch below one, the design equation becomes:

(-2 mNR onR:t) (-8 mNR onR;g) <1 (EQ22)

Equation 22 evaluates the loop gain around the latch. By taking the square root of both
sides, and substituting for g,, and R,,,, the relative sizing of transistors My and M,

can be determined.
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l‘l'cox (Vgs - Vt) rst (W/L) rst

(J2HC Ty (W/L) ,,,)( (EQ23)

WLy, > —dhCedn [(W7Ly, (EQ24)

>
! K COX (VS-' - V‘) rst

For the one micron process used in the fabrication of the CDMA receiver chips,

Equation 24 becomes:

w/L),,> (é) [(W7yy=3 (EQ 25)

A W/L;y =4/1.3 microns was chosen for the reset switch, but probably could have been

more optimally designed as a smaller (i.e. lower W/L ratio) device.

Device sizes for the other transistors in the circuit have less impact on the comparator’s
performance. NMOS transistors Mp,,;; were sized to minimize the parasitic capacitance
they would add to the n-latch. The PMOS latch devices, Mp, were sized to match the cur-
rent drive of the NMOS latch transistors as is done in any digital design (note that once the

evaluate phase arrives, the n-latch combines with the p-latch to effectively make two

cross-coupled digital inverters -- a standard digital latch).

It should be mentioned here that the sign bit comparator performs a comparison against a
zero-valued reference voltage. In other words, this one comparator does not need four

inputs, since it only determines if v;,, is <> v;, . The device geometries for this compara-
tor all remain the same as for the comparator just described in this section, but the lack of

the two extra inputs gives this comparator a better offset characteristic! In fact, it is the
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increased resolution of this design which allows it to be used in the 1-bit to 3-bit pipe-
line. Since the two interstage SHAs between the sign bit comparator and the 3-bit flash
A/D represent a potential gain of 6dB, the sign bit comparator must have more accu-
racy (a smaller offset) in ordér to resolve a smaller signal (unless digital correction
were to be implemented in the pipeline by adding comparators to the flash converter in

order to detect an error due to offset. -- fortunately, this was not necessary).

The 1-bit to 3-bit pipeline converter has been implemented in the 1 micron CMOS
technology described in Section 2.3. Two stages of the four-stage VGA described in
Chapter 4 have been merged into the A/D as the interstage gain amplifier for the pipe-
line. The device sizes used are as shown in Figure 17. See Section 6.1 for descriptions

of the actual silicon die, and see Appendix A for relevant SPICE simulation decks.

SPICE simulations of the proposed comparator design (extracted from actual layout)
showed the comparator performing at the speed and accuracy requirements for which
it was designed. Figure 18 shows a transient output from a comparator simulation. The
corresponding spice decks, casc_sr.sp and casc_sr.spice, can be found in Appendix A.
The top panel of Figure 18 shows the input samples to the comparator. The horizontal
line across the panel corresponds to the reference voltage. The second panel shows the
digital output of the SR latch switching every time the input crosses the reference volt-
age. The bottom panel shows the two non-overlapping 128 MHz clocks used to con-
trol the comparator. Simulation of the entire A/D converter, although too cumbersome

to include here, was consistent with the simulation of each individual comparator.
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CHAPTER 6

Results

6.1 Design Prototype

Two chips have been fabricated in the standard digital CMOS process described in
Section 2.3. The first chip, affectionately dubbed “minisporf”, consists of the proposed 3-
bit flash A/D structure. A diagram of the flash converter layout is shown in Figure 1, and a

close-up diagram of one of the comparators is shown in Figure 2. It is important that the

sign bit

modulator

for 64MHz o

demod. digital
decoding
logic

bias_ comparator
resistive
ladder

FIGURE 1. 3-Bit Analog to Digital Converter Layout
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comparator layout be as symmetric as possible in

order to prevent an increase in V,; due to geometry

mismatch. Substrate and well contacts can be seen
surrounding the circuits in the bottom half of the
figure, forming rectangular guard rings to collect
as much substrate noise current as possible. The
signal flows from the bottom of Figure 2 to the top
where the SR latch can bee seen (sandwiched
between two bypass capacitors). It is also worth
noting that the clock distribution is horizontal
across the circuit (and not directly above any tran-
sistors) so that inductive and capacitive coupling
between the clock and the signal path (which flows

vertically through Figure 2) is minimized.

A diagram of the 3-bit A/D test chip (which
includes a sample and hold circuit) is shown in
Figure 3. Large on-chip bypass capacitors (created

using the gate oxide of MOS transistors) can be

seen distributed throughout the die. The signal enters the chip from the left-hand side
of Figure 3 and the digital outputs exit the chip on the right of the figure. All pads on
the right-hand side of Figure 3 are reserved for digital signals (including digital supply

and clocks) and the analog and digital supply and ground connections are completely
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i : 2

FIGURE 3. Prototype 3-Bit Flash A/D Chip Layout,
(Preceeded by Sample and Hold Circuit)

separated on the chip (except for the fact that the grounds must be connected through the
substrate of the die).

A high speed test board has been constructed to test the minisporf chip. Unfortunately, an

error in the layout of the resistive ladder bias resulted in a small nonlinearity. Furthermore,
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large digital switching noise (created by the output pads when driving the test equip-

ment) was observed to couple into the analog signal path. Often, switching noise

caused excursions larger than the amplitude of the signal itself. Large switching cur-

rents such as these would not be present in an integrated chip which does not need to

drive the input load of test equipment. Fortunately the common mode rejection of the

converter design rejects digital coupling noise to first order. The linearity of the con-

verter was found to be:

TABLE 3. Linearity of 3 Bit Flash A/D

Uncorrected INL

0.967LSB | Corrected INL

0.642LSB

Uncorrected DNL

0903LSB | Corrected DNL

0.403 LSB

Where the “corrected” linearity numbers have the distortion from the resistive ladder

error mathématica]ly removed. Figure 4 shows the sharp increase in INL and DNL due

to the error in the very middle of the resistive ladder (the center segment was acciden-

1 .0 v
L o
b e
0.5
LSB’s i C‘J\\ .
0.0 Py vv ]
'0'50.0 IU AV
FIGURE 4. Nonhneanty as a Function of Step, Including Layout A/D 5“"1’

Error Between Steps Seven and Eight.
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tally created two times larger than needed -- note that Figure 4 actually corresponds to the
full 4 bit A/D which is described below. See Table 4 for the corrected values). Speed tests
have shown that the A/D functions up to a 150 MHz clock rate (the goal of the design was
128 MHz). Beyond 150 MHz, the converter does not have sufficient time to evaluate a sig-

3-bit flash
converter

polarity
mux

Sample
and hold
amplifier

sign bit
comparator

digital
backend

LNA
(designed
by Sam
Sheng)

K

R

FIGURE 5. Final Chip Including Entire Analog Receive. Chain
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nal and convert it to a full digital level. Total power consumption from the analog cir-
cuitry is 2.2 mW. Digital power consumption for the converter could not be
determined because the vast majority of digital power consumption on the test chip is
created by the buffers driving the outputs off chip (These drivers should not be
included in a power calculation because they would not exist in an integrated imple-

mentation).

The second chip includes the 3-bit flash A/D converter, but it also implements the 1-bit
to 3-bit pipeline described in Section 5.2 and the VGA described in Section 4.2. The
AGC control loop has not been designed at this time. A diagram of the layout of this
chip, affectionately named “sporf” for “Sam and Poe’s Qutrageous R.E Chip”, is
shown in Figure 5. Excluding the LNA, the top half and the bottom half of the core are
symmetric copies of one another. Each half represents either the I channel or the Q
channel of the receiver (designed for DQPSK modulation). The signal flows from left
to right across Figure 5, and the pad ring to the right of the chip has been broken to
separate analog and digital supplies.

Another high-speed test board has been designed for use in testing this integrated ana-

log receiver chip. (The chip includes a front-end LNA, although the LNA is not part of

this author’s work.) The receiver chain was tested without the LNA. Linearity

remained approximately the same, but the maximum clock frequency of the AGC was

significantly lower than the top speed of the flash A/D converter. The maximum clock
TABLE 4. Linearity of Full 4-bit A/D Converter and AGC Chain

Uncorrected INL 1.009LSB Corrected INL 0.684 LSB
Uncorrected DNL 0.990 LSB Corrected DNL 0.490LSB
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frequency at which an input sine wave was recovered at the output was determined to be
90 MHz. Beyond 90 MHz, loss of settling time due to the signal dependent kickback noise
described in Section 4.4 causes the sample and hold amplifiers to fail. The first sample and

hold stage was able to successfully subsample a maximum input frequency of 800 MHz

(although this number is really limited by package parasitics). Figure 6 shows an FFT of

an input sine wave being sampled and quantized by the prototype chip. The 100 kHz input

80.0 .
Magnitude
70.0 o 4B) J(J"p“t
' / Signal
60.0
50.0 A A distortion distortion
. harmonic harmonic

400-1\/\ U f\f\

L

20.0
10.0
0.0 .
0.0 100.0 — 200.0 — 300.0
FIGURE 6. FFT of Qutput of Prototype Design. Input is a 100 kHz sine . frequency
wave and is sampled at 16 MHz. SNDR is ~22dB. (in 2 kHz steps)
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sine wave is subsampled at 16 MHz (due to an output decimation by 4, the chip is
actually clocking at 64 MHz) and then converted to 4 digital bits. By integrating the
distortion harmonics (two of which are shown in Figure 6) the SNDR of the entire
receiver chain has been calculated to be 22 dB (or approximately three and a half
effective bits).

TABLE 5. Summary of Measured Results

Parameter Value " Parameter Value

Uncorrected INL 1.009 LSB || Cormrected INL 0.684 LSB

Uncorrected DNL 0990 LSB || Corrected DNL 0490LSB

Maximum Sampling Rate 90 MHz Maximum A/D Conversion | 150 MHz
Rate

Total Measured Analog 70.9 mW A/D Power Consumption 44 mW

Power Consumption (for two converters on chip)

Per Stage Sample & Hold 83 mwW Digital Power Consump- 101 mW

Power Consumption tion (64 MHz clock rate)

Peak SNDR ‘ 22dB Total Static Power Con- 102.2 mW
sumption (incl. test board)

Table 5 shows a summary of the parameters measured from the prototype chip. Note
that the digital power figure really reflects power consumed driving board parasitics,
and is therefore not a valuable figure of merit. (The final integrated receiver will not
need to drive off-chip loads.)
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CHAPTER 7

Conclusion

A variable-gain amplifier and an analog-to-digital converter have been designed and
implemented in a standard digital one-micron CMOS process for the U.C. Berkeley Info-
Pad. In an effort to develop a next-generation wireless radio link capable of supporting
video data rates to multiple users in an indoor picocellular environment, a direct-sequence
spread-spectrum scheme has been adopted. By capitalizing on the signal-to-noise gain
provided by the spreading and despreading process, the accuracy requirements of the A/D
have been relaxed to 4 bits. In order to meet the dynamic range requirements of the system
without increasing both the resolution of the A/D and the wordlength in the digital pro-
cessing unit, the variable-gain amplifier has been designed for use in an AGC loop. Since
the VGA follows a subsampling mixer in the receiver, it has been designed using a cas-
cade of discrete-time sample-and-hold amplifier stages. Furthermore, by merging part of
the A/D function with the VGA, a 1-bit to 3-bit pipeline architecture was chosen for the A/
D converter -- resuting in significant power-savings. Low-power and high-speed were the
two main design goals. Measurements of the design prototype showed the design func-
tioning up to a 90 MHz maximum clock rate, a 800 MHz maximum input bandwidth (sub-

sampled down to a 64 MHz clock rate), and 71 mW of static power consumption.
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