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ABSTRACT

A 1.056 GS/s, 6-bit flash analog-to-digital converter
(ADC) is designed in 0.18-pm CMOS, which is suitable
to be used in an OFDM-UWB transceiver. Resistive
interpolation and averaging techniques are employed to
reduce the Pre-Amplifiers number and to average the
offset between them. Monte Carlo simulation results
show that the ADC achieves 5.45b ENOB with a 445-
MHz input signal and DNL and INL of 0.16 and 0.39
LSB respectively. The analog part and digital part
consumes 65.3mW and 22mW from a 1.8-V supply,
respectively.
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I. INTRODUCTION

There is growing interest in commercial Ultra-Wide
Band (UWB) communication systems since FCC opened
up 7,500 MHz of spectrum (from 3.1 GHz to 10.6 GHz)
for use by UWB devices. This paper deals with the ADC
design for the multiband OFDM system. The ADC
resolution is determined by the tolerable quantization
noise, the AGC resolution, and the level of WLAN
interferences that are only partially attenuated by the
baseband channel-select filter. In [1], it has been proved
that the use 4-bit Effective-Number-Of-Bit (ENOB) for
110/200 Mbps, and a 5-bit ENOB for 480 Mbps is
sufficient for MB-OFDM UWB system. Therefore, a
well-designed 6-bit ADC with 5-bit ENOB or more will
be enough for all the working modes and will fit the
UWB application.

ADC is always a power-hungry component for the whole
analog front-end of the UWB transceiver. Since the
UWRB systems are always used in portable devices, low-
power designs are therefore of critical importance to
extend the battery life. Where maximum sampling rate
and low to moderate resolution is required, flash ADCs
are good candidates among various choices [2, 3]
However, the major advantages of flash architecture also
present its main problem: the number of components
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Fig. 1: the 6-b flash-interpolation ADC architecture

increases exponentially with the resolution specifications,
leading typically to a large die area and high power
consumption. To overcome this problem interpolation
technique can be used. Interpolation between reference
levels reduces the number of reference taps and
preamplifiers resulting in  much lower power
consumption. The influence of offset voltages in the
preamplifiers can be reduced by using averaging
between active amplifier stages while at the same time
the Signal-to-Noise Ratio (SNR) can be improved
without additional power consumption.

With 1.056 GS/s sampling frequency and an ENOB of
5.45 bits at an input signal frequency of 445 MHz, the
ADC fulfils the different data rates requirements of the
MB-OFDM system. Due to its large ERBW different
receiver topologies, like low-IF or zero-IF can be
supported. However, the ADC will not be limited to only
these applications; for example, it can also be used in the
disk-drive read channels.

This paper is organized as follows: section II illustrates
the flash ADC architecture and the key ideas to improve
the linearity and reduce the power consumption. Section
111 describes and explains the circuit implementation of
the main building blocks. Then in Section IV simulation
results are provided to verify the effectiveness of the
design and to demonstrate the performance of the ADC.
Finally the conclusions are drawn in Section V.
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II. ADC ARCHITECTURE

The block diagram of the 6-bit interpolating type flash
ADC with resistive averaging is presented in Fig. 1. The
resistive ladder divides the converter reference voltage
into a set of 2* values, which are compared in parallel
with the analog input signal by the subsequent
differential preamplifiers. Using a single reference ladder
has the advantage that the kickback noise from the
differential pairs is cancelled to the first order, since each
tap point is coupled to both polarities of the input signal
through the gate-to-source capacitances of two
amplifiers. Track and Hold (T/H) circuits before the pre-
amplifiers in the two differential input signal paths are
added to improve the dynamic performance of the Flash
ADC. To relieve the comparator offset requirements,
pre-amplification, interpolation and averaging techniques
have been applied. Resistive averaging and 4X
interpolating have been adopted to reduce the
comparators mismatch effect and the number of
preamplifiers. Finally, a logic decoder [11] converts the
thermometer code generated by all the comparators into
a binary code that represents the input signal in every
clock cycle.

Generally, there are two main techniques explored in this
design to realize the ADC.

e Use of 4x interpolation to reduce preamplifier
number and employ averaging to alleviate the
mismatch impact on preamplifier offset, thus
allowing additional downscaling to save power and
silicon area.

e Triple-cross connection adopted in the first and
second averaging resistor string (shown in Fig.1)
with only two interface amplifiers used instead of
using many over range references and dummy
amplifiers to solve the resistive averaging boundary
problem and improve the averaging efficiency [4].

111. BUILDING BLOCKS AND DESIGN
ISSUES

This flash-interpolation ADC consists of several
important building blocks that are addressed next.

A. Track and Hold Circuit

An input T/H improves the dynamic performance of an
ADC. By holding the analog sample static during
digitization, the T/H largely remove errors due to
timing-skews in clock delivery to 2"-1 comparators,
limited input bandwidth prior to latch regeneration,
signal-dependent dynamic nonlinearity, and aperture
jitter [5]. Fig. 2 shows an open-loop track and hold
circuit with replica-based “well-biasing” [4]. In fact
fully differential T/H architecture is used to cancel the
second order distortion, although only the single-ended
version is shown in this figure. The circuit consists of a
pass gate My, which is switched on and off between the
track and hold modes, and a dummy transistor My; [9],
[10], which is about the half size of the pass gate. The
dummy switch lowers the effect of clock feedthrough
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Fig. 3: Resistive Interpolation and Preamplifier

and charge injection thus reducing the dynamic offset
and signal-dependent nonlinearity. A linear 400fF
sampling capacitor Cs is included along with a pMOS
source follower to level-shift the output common mode
up to 1V. The output of a small replica source follower
is used to bias the well of the main source follower [4].
This has the same linearity advantages compared with a
source follower with a well-to-source direct connection,
without the disadvantage of having that output drive the
nonlinear well-substrate capacitance. The replica
consumes only 5% of the power of the main source
follower. The low-input common-mode voltage of 0.4V
allows a larger gate overdrive to turn on the switch,
which lowers track-mode distortion due to nonlinear
channel resistance. Simulation results show that the 3"
harmonic distortion is -54dBc when acquiring samples
of a 227-MHz full-scale sine wave at 1.056 GSample/s.
The 3dB bandwidth of this T/H circuit is 2.78GHz
which is sufficient for this application.

B. Combined Averaging and Interpolation

Interpolation technique is wused to “create” new
thresholds between existing thresholds. From a power-
efficiency  perspective, interpolation (with less
preamplifier) is favored over the folding (with less
comparator) approach in a deep sub-micrometer digital
CMOS process, especially with the use of dynamic
comparators. The critical tradeoff in the low-power
flash-interpolation architecture is to ensure that the
interpolation network does not significantly load the
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preamplifier stages and does not require the addition of a
special resistor component to a pure digital process. By
careful architecture and circuit selection, this 4x
interpolation, 6-bit, 1.056GS/s flash ADC is realized
with only 19 preamplifiers (two for boundary
termination) thus resulting in a low power consumption.
Interpolation also has a positive effect on the differential
non-linearity (DNL) of the ADC [5]. The interpolating
resistor string also can be used as the averaging resistor,
and in this way a combination of averaging and
interpolation is realized in the design.

The offset averaging technique proposed in [6] is an
effective method to alleviate the mismatch impact in
preamplifier or comparator arrays and, simultaneously,
signal-to-noise ratio is improved without additional
power consumption. Averaging is achieved by inserting
ladder resistors between the outputs of adjacent
preamplifiers. Although the averaging technique allows
the use of small size transistors throughout the design, it
also causes problems at the boundaries of the averaging
resistor network. At the edge, the zero-crossings shift
inward due to the lack of amplifiers outside the boundary,
which causes systematic nonlinearity errors. Besides, the
number of random components contributing to the
averaging is diminished at the boundary and then
counteracts the DNL/INL improvement due to averaging.

The traditional way to solve the termination problem
is either to use durnmy amplifiers [3] or to resort to extra
boundary termination circuits [7]. The dummy method
needs many dummy preamplifiers to become more
effective. Since only a part of the amplifier array and
reference range are usable, this method is not power
efficient. Although the extra boundary termination
circuit consumes less power and area, it only restores the
systematic errors when the averaging window is narrow
and the boundary issue is less severe. In this paper, a
triple-cross connection method [4] is chosen to solve the
boundary problem with only two interface amplifiers
used, as what is shown in Fig. 1. The two crossings at the
boundaries minimize the zero-crossing shifts and the
third crossing is for proper termination of the resistor
network.

C. High Speed Comparator

The circuit for the high speed low power comparator [8]
is shown in Fig. 4. This comparator has two operating
states, evaluation phase and reset phase. During
evaluation phase, V), is logically high and the current
source M, turns on, the input devices M, sense the
differential input, the imbalance potential on V,. and
V., is then regenerated to full swing. In reset phase, M,
turns off and all reset transistors M»~M,, turn on. The
reset devices M~M,, eliminate all imbalance charge, so
the previous data is cleared. The input referred offset of
the comparator due to device mismatch can be made
relatively small by the preceding gain stage and the
averaging technique; therefore we can use small size
transistors to ensure high-speed operation.

M, M‘gw Mg

Fig. 4: High speed dynamic comparator

IV. SIMULATION RESULTS

The flash-interpolation ADC has been implemented
using a 0.18-pm CMOS process and simulated at circuit-
level. The effectiveness of the ADC with averaging and
interpolating  techniques  has  been  verified
comprehensively by Spectre simulator with the
components’ mismatch effect considered. Fig. 5 shows
the simulated DNL and INL from one case of Monte-
Carlo simulations, with typical DNL/INL value of
0.39/0.16 LSB, respectively. In addition to static
parameters, the dynamic performance of the flash ADC
is obtained through an extensive Monte-Carlo simulation
using an input signal of 445 MHz and sampling
frequency of 1.056 GS/s, with the spectrum for one case
presented in Fig. 6. Fig. 7 illustrates the corresponding
histogram where the ADC achieves a mean SNDR of
34.578 dB (corresponding to an ENOB of 5.45 bits).

In Fig. 8, the same Monte Carlo simulation is done for
1.056GS/s at the same bias current for different input
frequency. SNDR starts at 35.79dB for low frequencies,
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Fig. 5: Simulated DNL and INL of the flash ADC
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dropping by 3dB at an ERBW of 550MHz. The
performance of the whole ADC is summarized in Table
I. The power consumption of the converter is 87.3mW in
total.

V. CONCLUSIONS

In this paper the architecture, circuit and simulation
results of a 1.056 GS/s 6-b flash-interpolation ADC
have been presented. A triple-cross connection method
has been adopted to improve the offset averaging
efficiency. Open-loop T/Hs are included to ensure the
dynamic performance up to Nyquist frequencies. This
ADC is optimized to achieve a state-of-the-art figure-of

merit, defined as (Power)/(25V°F « 2 « ERBW), of 1.2p]
per conversion step. The simulation results show that
the ADC fulfills the requirements of the MB-OFDM
UWB receiver.

TABLE ] : PEFORMANCE SUMMARY OF THE ADC

Parameter Performance
Supply voltage 18V
Input range (diff’) 1.6Vpp(=800mV)
Sampling Frequency 1.056 GS/s
DNL/INL 0.16LSB/ 0.39 LSB
=49.5MH; 5.64b
eNoB |—&% z
@ f.=445MHz 545b
P Track and Hold 153 mW
ower
Analog Part
Consump | (without T/H) 50m W
Digital Part 22mw
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