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Abstract. Over the past few years Ultra Wide Band (UWB) technology has
taken the realms of communications circuit design to new levels. This paper
demonstrates the design and simulation of a very high speed Flash Analog to
Digital Converter (ADC) for UWB applications. The ADC was implemented in
90 nanometre (nm) CMOS design process. The converter works at an optimal
sampling rate of 4.1 Gig-Samples per second (Gsps) for an 800 MHz input
bandwidth corresponding to a 1V full scale reference. The converter has
moderate linearity error tolerance of about £1 LSB (62.5 mV) without use of
any averaging techniques. The ADC works on a 1V supply and has an overall
power consumption of 114 mW.
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1 Introduction

The deregulation of the UWB frequency spectrum by the Federal Communications
Commission (FCC) and subsequently by other countries has offered a tremendous
boost to communications and applications that require a medium to transfer large
amounts of data in a very short period of time. UWB offers an unparalleled medium
for such high speed communications, with an effective transmitting bandwidth of
almost 7.5 GHz. This means that data transmission in the range of few tens to
hundreds of gigabits per second are now realisable. UWB transmission consists of
signals that are in the form of sub-nanosecond pulses and are therefore transmitted
and received at short distances but over a very large frequency range. Applications for
UWB range from commercial high speed wireless access to very high data rate
medical imaging systems. Typical UWB systems are characterized as having a signal
bandwidth of 528 MHz or more. UWB offers advantages in its ability to resist
multipath fading and jamming from nearby nodes, low spectral density and a very
high channel capacity [1], [2].
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The application of Shannon’s Channel Capacity equation highlights the unique
ability that UWB offers. The equation defines a unique relationship between the
maximum data rate and the total transmission bandwidth, as seen in Equation 1.

Pr
Cx=fx*log[Nt*ﬁJ 1)

where C, corresponds to the channel capacity, f; is the channel bandwidth, N; is the
power spectral density of noise and P, if the received power into the system [3].

The ADC being the heart of the system provides a unique challenge in its design
for such high speed requirement. Section 2 details out UWB receiver and its
characteristics. Section 3 details out he high speed ADC architecture, while section 4
gives an overview of obtained results.

2 UWB Receiver

Typically ideal UWB systems consist of a receiver chain with minimal components as
illustrated in Fig. 1. The receiver front-end consists of a very large bandwidth Low
Noise Amplifier (LNA), Variable Automatic Gain Control Amplifier (VGA) and
Very High Speed ADC. The advantage that this architecture offers is a reduction in
the total number of components in the front-end and an overall saving in power.
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Fig. 1. Ideal UWB Receiver

For such a setup to be implementable would require a LNA to handle frequencies
from 3.1 GHz to 10 GHz, VGA to provide amplification and stabilisation from about



-25 dBm to 0 dBm and an ADC to operate full scale at a minimum sampling
frequency of 7 Gsps. This type of specification range will require CMOS systems to
switch and thereby adjust to changing frequency ranges in a matter of few of
picoseconds. For an ADC to effectively sample (Nyquist Rate) a 4 GHz input signal
will require to have a clock with switching speed of 125 picoseconds. The fastest
Flash converters [4] require all comparators to switch and work in perfect
synchronisation. For low resolution converters the numbers of comparators are
minimal, however in presence of mismatch and linearity problems, will require
converters to have larger resolutions. Moreover with flash converters a single bit
increase in resolution leads to a doubling in power consumption and thereby requiring
preamplifier input bandwidth of more than 200 GHz. Present CMOS technology
cannot switch efficiently at such high speeds without encountering mismatch and
large scale linearity problems [4].
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Fig. 2. Down-converted UWB Receiver

A more realistic approach is illustrated in Fig.2. A down conversion stage
comprising of a mixer and a Voltage Controlled Oscillator (VCO) is used to reduce
the frequency range to hundreds of megahertz to a few gigahertz. This intermediary
setup relaxes the requirements on the ADC such that a very high speed digitiser can
be realised in CMOS effectively [4], [5].

3 ADC Architecture

This section details out the design of the ADC for use in UWB systems. From [6] it
can be estimated that for a Gaussian 5™ order down-converted frequency spectrum,
having a effective bandwidth of 600MHz or more and residing in a frequency range
of 1.3 GHz to 2.5 GHz, an over-sampled converter working at 4 Gsps is more than
sufficient. Based on calculations in [5-7] it is seen that 4 bits are the optimum
resolution to ensure reliable detection. A number of ADC architectures were looked



into and analysed comprehensively [8]. It is seen that among all architectures Flash
based architecture is the most suitable choice for implementation. The parallel nature
of Flash ADC with its array of synchronised comparators provides the fastest solution

for UWB implementation [9-11].

The entire structure of the designed ADC is shown in Fig.3. It consists of a
differential resistor ladder that provides full scale reference for all the comparators. A
flash architecture consists of 2% - 1 comparators for X bits, hence the ADC in this
work consists of 15 comparators. Section 3.1 details the design of the high speed fully
differential comparator and section 3.2 details out the design of a high speed MOS

Common Mode Logic (MCML) Encoder.

-QVin+

1 A —OVref-
QVin

Latch

e

Buffer B4

LA 91 2 ¢+ @ —OVref+

<t o4 2]

[ Buffer |
M
Buffer c
R M
L
|
E
I N
| C
O
D
E
( R
Buffer

Fig. 3. ADC Architecture
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3.1 Comparator Design
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Fig. 4. Comparator

The comparator depicted in Fig. 4. is a low voltage fully differential three stage
design. The first stage consists of an input pre-amplifier and two consecutive latches.
The first latch is a differential track and hold latch while the second is a high speed
regenerative latch.

Input Pre-amplifier. The pre-amplifier as shown in Fig.4. is a fully differential open
loop architecture. This architecture provides many advantages over closed loop
structures due to its high speed, low swing and low gain. The open loop structure also
offers reduced power consumption and better rejection of Vpp noise. The pre-
amplifier has an intrinsic gain defined by (g,/gs), keeping in mind its low gain
nature. Close to minimum length transistors are used for all the input differential pairs
to ensure that there are reduced offset problems and ensure faster switching. The pre-
amplifier is loaded with triode loads. This type of loading helps to keep the output
slew rate to a minimum and also offers required voltage headroom. The input referred
offset of the pre-amplifier was estimated based on Equation 2.

Vos = ALN_i+...+£+AWN_I.+...+% +VT ?2)
LN -i Li LWi Wi

where V, is the offset voltage, Ly.; is the length of the transistors change and Wy, is
the width of the transistor change for the input pairs [12], [13].

Track and Hold Latch. The latch is shown in Fig.4. It provides very low swing and
very high speed operation. The latch is based on a clocking scheme such that



whenever the clock is high the input pairs are active and track in the input from the
pre-amplifier. When the clock goes low the latch provides slight positive feedback
and amplification. Like the pre-amplifier the latch also uses a cascaded cross coupled
triode load that helps in the low swing operation. This loading scheme has advantage
in that it helps to reduce the Vpp noise variation on the input pairs. The output settling
time was optimised by setting the common mode voltage (V) of the latch, as shown
in Equation 3 [12], [13]. This type of latch has good slew rate and also provides
sufficient tolerance to meta-stability problems [14].

Vop
Vew = —= 3
M 2 3)

Regenerative Latch. The final stage of the comparator is a regenerative latch (Fig.
4.) based on [13], [14]. The latch is used primarily to pull the output to logic rail to
rail levels. The working of the latch is based on a clock that switches on the input
pairs when the clock is high. When the clock is low it provides feedback and pre-
charges the output to Vpp. The latch is self-biased and therefore offers a great saving
in power consumption. The latch is sized to provide the required output swing. The
output capacitances provide slightly different discharging times to enable proper
feedback [13], [14].

3.2 Encoder

Fig. 5. shows the schematic of a high speed encoder. The encoder was based on a
thermometer to binary conversion with an intermediate gray code stage. The gray
code stage provides only a 1 bit transition between consecutive states and thereby
reduces the effects of code skipping and bubble errors at the output of the encoder.
The encoder is designed used MOS Common Mode Logic (MCML). This type of
design is the most efficient in terms of speed and very low swing signal operation.
The encoder was designed such that the 15 outputs from the comparators are fed
through a series of NAND/AND gates such that they are converted to 4 bit gray code
and then re-converted from 4 bit gray code to a 4 bit binary output [15].

The design equations for the implementation of the encoder are highlighted below.
A set of equations (Equation 4.) shows the conversion from thermometer to gray code
and another set of equations (Equation 5.) shows the succeeding conversion from gray
to 4 bit binary.

Thermometer to Gray Code Conversion:

Ki=CiC3eC5C70C9C11eC13C15

K2=C2C6eC10C14 @)
K3=C4C12
K4=Cs

Gray to Binary Code Conversion:



B1=K1® B2

B2=K2® B3

Q)
B3=K3® B4
B4=K4

The output of the encoder is then buffered to get a sharp switching response with
minimal rise and fall times.
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Fig. 5. Encoder
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Fig. 6. MCML NAND/AND gate

Fig. 6. highlights MCML circuit used for the implementation of the encoder
blocks. As the input pairs are fully differential the MCML topology offers good
rejection to input supply noise change. The differential clocking mechanism also
helps to maintain good linearity at very high frequencies [15]. All the blocks of the
encoder have been realised using the MCML NAND/AND gate. This simplifies the
circuit implementation and also allows for accurate monitoring of signal feed-through
and feedback to and from the comparator array [16]. The common gate architecture
greatly reduces the propagation delay time and also reduces problems during
calculation of static power consumption [17], [18]. The advantage of the differential
gate architecture is that the outputs can be treated as NAND or AND functionality.

4 Results

The high speed Flash Analog to Digital Converter was designed and simulated in
Cadence Design Environment using standard V1 ST-Micro 90nm CMOS technology.
The design was simulated based on a 1 V supply with a 1 V full-scale reference.

Fig. 7. to Fig. 9. show the linearity error variance and Spurious Free Dynamic Range
(SFDR) for the 4 bit ADC. Fig. 10. Shows the different trip points for each of the
comparators.



VARIANCE (V)

VARIANCE (V)

o=}

=]
[

=1
=

(=1
=]

[=1
co

o
[==]

=1
o

o
=

=1
ha

=]

=1
ha

=]
=

=1
=]

[=1
=]

INL PLOT

CODE

Fig. 7. Integral Non-Linearity Plot (f;y = 800 MHz @ fs = 4.1 Gsps)
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Fig. 8. Differential Non-Linearity Plot (f;y = 800 MHz @ fs = 4.1 Gsps)
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Fig. 9. Plot of SFDR versus Input Frequency

ADC Trip Points
05 T T T T T T T T T T T T

T e
(Y e .

01+

e 1

Reference Levels (V)
o
T

R e e

B . A SR ) e e

s I i i i i | i | i i | i | i
i
LSB Values

Fig. 10. Plot of ADC Trip Points

The performance characteristics of the ADC are detailed in Table 1. The entire ADC
consumes 114 mW of power at input of 800 MHz sampled at 4.1 Gsps. The ADC has
a linearity error variance of not more than = 1 LSB. No Averaging or Interpolation
techniques have been used to minimise the effects of offset. The encoder has been
sized such that it has a maximum critical path delay of 0.234 ns. The encoder does not
have any dynamic pipelining stages as there is no monotonicity error in the ADC,
thereby reducing overall power dissipation.



Table 1. ADC Performance Characteristics

Parameter Performance Characteristic [19] [20]
Input Signal Sinusoidal 1 Vp- | Sinusoidal 1 V p-p
Range p differential differential 0.8 Vp-p 1.6 Vpp
Input 800 MHz 1120 MHz - 650 MHz
Frequency
4 bits (1ILSB = . B
Resolution 62.5mV) 4bits (ILSB=62.5 | 0o 6 bits
. : mV) differential
differential
Supply
Voltage v 1V 1.8V 33V
Sampling
Rate 4.1 Gsps 4.1 Gsps 3.2 Gsps 1.3 Gsps
Maximum
Sampling 6.3 Gsps 6.3 Gsps 3.2 Gsps 1.3 Gsps
Rate
yaximum | 08 v/+084V [ 096V/+11V | 06LSB | 035LSB
paximum | 092V /+076V | -14V/+11V | 04LSB 0.2 LSB
SFDR -38.2dB -41.3 dB - >44 dB
ENOB (@
800 MHz) 3.45 3.1 3.6 >5.5
Power 114 mW (@ 4.1 176 mW (@ 4.1 131 mW 500 mW
Gsps) Gsps)
2 Way
Structure Non-Time Interleaved Time Averaging
Interleaved
Technology ST-Microelectronics 0.18 um 0.35 um

90 nm Standard V+ CMOS

5 Conclusion

This paper presents the design and of a high speed Flash Analog to Digital Converter
for Ultra Wide Band Applications. The ADC achieves moderate linearity and
resolution without the use of any power hungry offset averaging techniques. The
Effective Number of Bits (ENOB) for a 800 MHz input is estimated as 3.45. The
encoder was sized to provide high speed conversion with no pipelining. The ADC has
very low gain low swing. No digital backend processing was required to correct ADC

errors, such as mismatch and monotonicity.
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