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ABSTRACT

KEYWORDS: CTDSM ; High Speed; DWA; Wide Bandwidth; Clockless RZ

DAC.

Continuous Time Delta Sigma Modulator(CTDSM) is a rapidly developing field in the

analog world, especially in the Analog to Digital Converter(ADC) landscape. CTDSMs

provide a power efficient way to convert analog signal to digital. Due to oversampling

constraints these are usually restricted to low and medium bandwidths(< 20 MHz) and

medium speeds(< 1 GHz). But of-late CTDSMs are being designed for high speed,

wide bandwidth applications. In order to achieve high bandwidths it is necessary to

design at low Over Sampling Ratios(OSR).

This work deals with the design of specific components in 65 nmtechnology that are

used in implementing a 2.6 GHz CTDSM with a bandwidth of 100 MHz. A 17 level

Flash ADC is designed with low latency. In order to reduce theeffect of the mismatch

of DAC elements a new high speed Data Weighted Averaging(DWA) block is imple-

mented. The clock generation network and the output driver network are designed. A

novel clockless Return-to-Zero(RZ) Digital to Analog Converter(DAC) to be used in

the fast feedback path is also discussed.
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CHAPTER 1

Introduction

1.1 Motivation

Due to the advancement in computers, most of the processing done today are digital

in nature. However most of the real life data that requires processing like temperature,

heartbeat, sound etc., are in the analog domain and they needto be first converted to

digital domain for processing. Therefore, there is an increasing demand for high speed

and high precision Analog to Digital Converters[1, 2].

There are many ADC architectures like Flash ADC, SAR ADC, pipeline ADC and

Delta Sigma modulator. Flash ADCs are used at high speeds. However due to the

hardware complexity they are restricted to lower resolutions(<6-bit). For higher reso-

lutions, SAR and pipeline ADCs are used. SAR ADC is highly hardware efficient but

takes more time due to the fact that it uses a single comparator. Pipeline ADCs are

faster than SAR. However as resolution increases both SAR and pipeline ADCs require

tighter constraints(offset, noise), making it difficult todesign, especially at high speeds.

Therefore for higher resolution Delta Sigma modulator is attractive due to the fact that

the comparator accuracy(offset) constraints are relaxed by the loop filter gain. CTDSM

is especially attractive due to its inherent anti-aliasingcapability and resistive input

load. However in high speed CTDSM, clock jitter is a major concern. Using a multi-bit

ADC in the CTDSM loop, relaxes the jitter constraints but introduces the problem of

DAC non-linearity due to the mismatch of DAC elements. The DAC mismatch can be

mitigated by using Dynamic Element Matching(DEM). Among the various DEM meth-

ods Data Weighted Averaging(DWA) is widely used due to its hardware efficiency. But

DEM methods(including DWA) are difficult to incorporate in high speed CTDSMs due

to their huge delays(generally more than 500 ps[1]).



1.2 Thesis Organization

The thesis os organized as follows:

Chapter 2 deals with basics of ADCs and CTDSMs. It also gives an overview of the

CTDSM architecture used in this work.

Chapter 3 discusses the design of 17 level ADC and issues related to its implementation.

Chapter 4 highlights the design of new high speed DWA.

Chapter 5 discusses the various blocks of the clock generation and output driver net-

work.

Chapter 6 presents a novel clockless Current Steering(CS) Return to Zero(RZ) Digital

to Analog Converter(DAC).

Chapter 7 concludes the thesis.

2



CHAPTER 2

Basics concepts of Delta Sigma Modulator

2.1 ADC Basics

2.1.1 Sampling and Quantization

ADCs basically convert Continuous Time(CT), Continuous Amplitude(CA) signals to

Discrete Time(DT), Discrete Amplitude(DA). Generally, CT, CA is converted to DT,

CA first using a sampler(sample and hold circuit) and then converted to DT, DA using

a quantizer. Some quantizers also have inbuilt sampler and do not require an explicit

sampler. In theory sampling is an operation where there is noloss of information pro-

vided the baseband signal, that is being sampled, is band limited and satisfies Nyquist

sampling Theorem given by

fs > 2fb (2.1)

wherefs is the sampling rate andfb is the bandwidth of the baseband signal.

The signal can be perfectly reconstructed from its samples by using a low pass filter

of bandwidthfs/2. If the signal has frequencies abovefb then there will be alias-

ing(spectral folding) and there will be loss of information(signal cannot be perfectly

reconstructed). Even though the signal bandwidth is less than fs/2 it will be accom-

panied by noise which is not band limited and leads to aliasing. Hence generally the

sampler is always preceded by an anti-aliasing filter(low pass filter with bandwidth

fs/2) to filter out the noise and other interfering signals that cause aliasing. Quantiza-

tion is a non-linear operation and leads to loss of information. Hence sampling is done

first followed by quantization. If quantization is done firstthen the input to the sam-

pler is not band limited(quantization being non-linear generates harmonics) and leads



to aliasing. The basic unit of a quantizer is a comparator. Itcompares the input with

a reference(threshold) and outputs a 1 or 0 based on whether the input is greater or

smaller than the reference.

A 2 level ADC(or single bit ADC) uses a single comparator(single reference) and the

output has 2 levels. A N+1 level ADC requires N references andproduces a output that

has N+1 level.

In order to match the digital processing speeds of several GHz the ADCs should be

able to provide data at comparable speeds. The fastest ADC isthe flash ADC, which

due to its parallel nature gives output almost instantaneously(in a flash and hence the

name flash ADC). But it requires lot of hardware. A N-bit FlashADC(2N + 1 levels)

requires2N comparators. So there is an exponential increase in hardware complexity

for every bit. So flash ADCs are not built beyond 6 bits due to the hardware complexity.

Moreover since flash ADCs are open loop systems they have their own performance

issues.

For higher precision(more than 6 bits), other types of ADCs like SAR or over-sampled

ADCs are used. SAR ADCs have been used for a long time now but they require

an anti-aliasing filter upfront and have Switched capacitorinput which is difficult to

drive. Moreover they demand accurate matching of analog components and often re-

quire trimming and calibration techniques that further increases the power consumption.

CTDSM(Continuous time Delta Sigma Modulator), which is a type of oversampled

converter, is gaining importance as it provides high precision(high dynamic range) over

a wide bandwidth while being power efficient.

2.1.2 Quantizer Characteristics

The Characteristic of a quantizer is shown in Figure. 2.1.

Assuming that the input is within the quantizer range(between−N∆ to+N∆ for 2N+1

level mid-tread quantizer[3]), the quantization error is restricted to within±∆

2
where∆

is the step size(or LSB) of the quantizer. Assuming that the error is uniformly dis-

4
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Figure 2.1: Transfer characteristics of a Quantizer

tributed the variance of the quantization noise is∆2

12
. The PSD is shown in Figure. 2.2.

ω
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12 π

Figure 2.2: PSD of Quantization Noise

The following assumptions are made to obtain the given PSD.

• The quantization error is a noise that is independent of signal.

• Quantization error is uniformly distributed between−∆

2
and+∆

2
.

• The quantization error is independent from sample to sample.

In essence the quantization error is assumed to be a white noise with mean squared

value∆2

12
. Though none of these 3 assumptions are correct, they serve as useful approx-

imations to make the analysis simpler and the PSD so obtainedis close to the actual

PSD.
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In Nyquist rate ADCs(where sampling ratefs is only slightly greater than twice the

bandwidth of the signal), the output signal occupies the entire digital spectrum(from0

to π). Hence the entire quantization noise(QNoise) is within the band of the signal(in-

band). The Signal To Quantization Noise Ratio(SQNR) of a L level ADC for a sine

wave input(with frequency<fs/2) is given by

SQNR = 6log2(L) + 1.78 dB (2.2)

If L = 2N then the SQNR for such a N bit ADC is given by

SQNR = 6N + 1.78 dB (2.3)

So if the number of bits increases by 1 then the SQNR increasesby 6 dB.

2.2 DSM Basics

2.2.1 Oversampling

Instead of quantizing the signal at Nyquist rate, a faster sampling rate can be used. The

oversampled signal does not occupy the entire digital spectrum[3]. As the OSR(Over

Sampling Ratio which is defined asfs
2fb

) increases the spectral coverage of the signal

decreases. TheQNoise(assumed to be white) still covers the entire spectrum and hence

its In-band content reduces as OSR increases as shown in Figure. 2.3.

Hence this out of band noise can be removed by using a digital low pass filter with a

cut-off of π
OSR

(assuming ideal filter with sharp cut off). The low pass filterdoes not

affect the signal since the signal content is withinπ
OSR

. TheQNoise after filtering has

only the in-band portion which is ∆2

12OSR
. As OSR doubles theQNoise power reduces by

2 and hence the SQNR improves by 3 dB or essentially a 0.5 bit improvement. An N

bit ADC with OSR of 4 after filtering looks like a N+1 bit ADC in terms of SQNR.
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ω

PSD

0 π π 
  OSR

Quantization Noise

∆2

Signal

In-Band Qnoise Out of Band Qnoise

12 π

Figure 2.3: PSD of Oversampled ADC

2.2.2 Oversampling with noise shaping using negative feedback

By oversampling the In-Band Quantization Noise(IBQN) was reduced. In addition

noise shaping can also be used to further reduce the IBQN. Noise shaping is a pro-

cess by whichQNoise is shaped in such a way that most of its contents lie outside the

signal band. It basically makes use of negative feedback to shape theQNoise.

Consider the general negative feedback circuit shown in Figure. 2.4.

−

+
n

Vin
VoutA

Figure 2.4: Negative Feedback Example

The outputVout is given by

Vout =
A

1 + A
Vin +

n

1 + A
(2.4)

where A is the gain of the amplifier.

It is assumed that n is some additive noise source. This noiseis getting attenuated by

the gain of the amplifier due to negative feedback.
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As A → ∞, Vout = Vin and there is no noise contribution at the output. This servesas

motivation for Delta Sigma modulators in which the quantizer is embedded in a similar

loop as shown in Figure. 2.5. The additive noise model along with unit delay is used to

model the quantizer.

H(z)

z-1

u[n] v[n]

y[n]

e[n]

Figure 2.5: DSM Block Diagram

Since the delayz−1 is an integral part of the quantizer, onlyy[n] can be accessed.y[n]

is just a delayed version ofv[n].

V (z) =
H(z)

1 +H(z)z−1
U(z) +

E(z)

1 +H(z)z−1
(2.5)

V (z) = STF (z)U(z) +NTF (z)E(z) (2.6)

H(z) is an integrator(low pass filter) with high gain in the signal band. HenceSTF ≈ 1

in the signal band and the quantization noise(E(z)) in the signal band is attenuated by

the large gain of H(z).

2.2.3 First order DSM

For a first order DSM,H(z) = 1

1−z−1 which gives

STF (z) = 1 (2.7)

NTF (z) = 1− z−1 (2.8)
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TheQNoise PSD is given by

PSDQ(e
jω) =

∆2

12π
(2.9)

TheQNoise PSD at the output

PSDQ(e
jω) =

∆2

12π
|NTF (ejω)|2 (2.10)

Since at lower frequencies|NTF (ejω)| ≈ ω, IBQN(assuming large OSR) is given by

IBQN =

π

OSR∫

0

∆2

12π
|NTF (ejω)|2dω (2.11)

=
∆2π2

36OSR3
(2.12)

As seen from the IBQN expression, doubling the OSR reduces the IBQN by 8 times

thereby improving SQNR by 9 dB(1.5 bits improvement). But the total noise variance

has actually increased as seen from Equation. (2.14).

TotalQNoise =

π∫

0

∆2

12π
|NTF (ejω)|2dω (2.13)

=
∆2

6
(2.14)

Though the total noise has increased its in-band content hasreduced thereby improving

SQNR after digital low pass filtering.

2.2.4 Higher order DSM

Since with1st order DSM, an improvement of 1.5 bits for every doubling of OSR is

obtained, one can expect to get better performance with a higher order loop filter. As

order increases the loop gain at lower frequencies increases thereby reducing IBQN. It
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can be shown for anN th order filter that at low frequencies|NTF (ejω)| ∝ ωN . Hence

IBQN ∝ 1

OSR2N+1 . So there is an improvement ofN + 0.5 bits for every doubling of

OSR. But as order increases the total noise variance also increases since OBG increases.

This also increases the swing of the quantizer which can cause quantizer to saturate

thereby breaking the feedback and leading to instability. Therefore order cannot be

increased beyond a limit.

2.3 CTDSM Overview

2.3.1 Need for CTDSM

The loop filter of the DSM can be implemented in either CT or DT domain. Switched

capacitors are the building blocks of DTDSM. These switchedcapacitor loads are diffi-

cult to drive especially at high speeds. Moreover DTDSM requires an anti-aliasing filter

upfront. These issues are not there with CTDSMs. CTDSM has implicit anti-aliasing

property which attenuates signals around multiples of the sampling frequency. More-

over CTDSM has resistive input load which are easier to drive. Hence CTDSMs are

widely used.

2.3.2 Loop Filter

Figure. 2.6 shows the block Diagram of CTDSM.

L(s)

DAC

u(t) v[n]

v(t)

ADC

Ts

Quantizer

Figure 2.6: CTDSM Block Diagram

The quantizer output is converted to discrete-time by usinga Digital to Analog Con-
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verter(DAC) in the feedback path. The loop filter L(s) is chosen such that its sampled

output resembles that of the Discrete time counterpart H(z). This relationship is shown

in Figure. 2.7.

DAC L(s)

Ts

δ[n] δ[n] H(z)h[n] h[n]

Figure 2.7: Relationship between CT and DT Loop Filter

The loop filter consists of a cascade of integrators. The integrators are implemented

either using active RC filters or Gm-C filters. Active RC are generally preferred for

their linearity. But they are prone to RC time constant variations due to process. Hence

RC tuning is required to keep the time constants close to their nominal values.

There are several topologies for the loop filter. The commonly used ones are Cas-

cade of Integrators with Feed Forward(CIFF) and Cascade of Integrator with Feed

Back(CIFB).They are shown in Figure. 2.8 for a second order CT loop filter. Hybrids

of CIFF and CIFB are also used.

2.3.3 Quantizer

The quantizer within the CTDSM loop consists of the ADC alongwith the feedback

DAC. The quantizer can be either single bit(2 Level) or multi-bit(multi-Level). Single

bit quantizers have been extensively used in the past due to the fact that the quantizer

is inherently linear(both ADC and DAC). They are also easy todesign and consumes

lesser area and power. But for high bandwidth applications they require high sampling

rates due to the low Out of Band Gain(OBG) constraint of1.5[4]. Moreover they are

more sensitive to clock jitter which aggravates at higher speeds when the rise fall times

are comparable to the time period of the clock. Hence multi-bit quantizers are nowadays

considered for high bandwidth applications due to their relaxed jitter constraints and

aggressive NTF(due to increased OBG tolerance). But in multi-bit quantizers the issue

of non-linearity crops up. The ADC non-linearity can be tolerated to an extent since

it gets noise shaped similar to quantization noise. But the DAC non-linearity, due to

11



DAC

u(t) v[n]ADC

Ts

Quantizer
k1k2

b) CIFB

DAC

u(t) v[n]ADC

Ts

Quantizer

1
s

k1

k2

a) CIFF

1
s

s
1

s
1

Figure 2.8: Loop Filter Topologies
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mismatch of DAC elements, is a serious issue since it is similar to corrupting the input

itself. Fortunately the mismatch of DAC elements can be mitigated by using Dynamic

Element Matching(DEM). There are several DEM schemes of which Data Weighted

Averaging(DWA) is popular one due to its simple and efficientimplementation. But at

high speeds DEM techniques are difficult to implement because of the fact that their

delays generally exceed a clock period making them ineffective.

2.4 CTDSM Architecture and Specifications

A 4th order loop filter with CIFFB(Cascade of Integrators with Feed Forward and Feed-

back) topology is used in the CTDSM. Input feed forward pathsare used to keep the

swings of the OP-AMPs within limits. Assistant DACs are usedto improve the unity

gain frequency of the last OP-AMP. The NTF is designed with optimized zeroes. The

CTDSM is shown in Figure. 2.9.

1
s

u(t)

N
R

Z
 D

A
C

N
R

Z
 D

A
C

 Ts

N
R

Z
 D

A
C

R
Z

 D
A

C

u(t)u(t)

0.5 Ts

N
R

Z
 D

A
C

R
Z

 D
A

C

Assistant
DACs

ADC
To decimation filter

DWA

Optimized zero

Optimized zero

1
s

1
s

1
s

k

a

b

Figure 2.9: CTDSM Architecture

Ts =
1

fs
is the time period of the ADC sampling clock. The 0.5Ts andTs blocks denote

that the outputs of these blocks are synchronized at 0.5Ts andTs(with respect to the

ADC sampling clock) respectively.

The CTDSM is designed to operate at a sampling frequency(fs) of 2.6 GHz over a

13



bandwidth of 100 MHz(ORS of 13). The loop filter is designed such that the shaped

IBQN is lower than the thermal noise. The target SNR limited by thermal noise is 74

dB and the target SQNR is chosen to be higher than 83 dB. The design of loop filter and

the DACs are not part of this thesis.
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CHAPTER 3

Flash ADC Design

3.1 Flash ADC Components

Flash ADC is one of the fastest ADC available. It utilizes maximum parallelism at the

expense of area and power dissipation. A typical flash ADC is shown in Figure. 3.1.

−

+

−

+

−

+
b0

bN-2

bN-1

Vin

R

R

R

Rx

Rx

Vdd

0th Comparator

(N-2)th Comparator

(N-1)th Comparator

Figure 3.1: N level Flash ADC

A N level flash has N-1 comparators. There are N-1 output linesproducing Thermome-

ter code(a number of 1’s followed by a number of 0’s). This is shown in Figure. 3.1 for

a 4 level Flash ADC(3 comparators) along with the corresponding decimal code.



Table 3.1: Output Thermometer codes for a 4 level Flash ADC

Comparator Outputs Output Code
MSB LSB (in Decimal)
2nd 1st 0th

0 0 0 0
0 0 1 1
0 1 1 2
1 1 1 3

Each comparator has a different threshold voltage based on its position. Hence there

will be N-1 threshold voltages equally spaced within the signal range. These threshold

voltages are generated using a resistive ladder. In the differential picture there will be

two resistive ladders.

Each comparator generally consists of a sample and hold circuit(sampler), subtraction

circuit and regenerative latch as shown in Figure. 3.2. Alternatively there can be just one

sampler common for all the comparators. The subtraction circuit subtracts the reference

from the input. The output of the subtraction circuit is fed to the regenerative(regen)

latch. If input of the regenerative latch is positive(>0) then the output regenerates to

logic 1 else it regenerates to logic 0.

V(t)

CLK
Vref

LatchVi

Vin Regenerative 1
b

Figure 3.2: Block Diagram of a Comparator

Since both the sampling operation and subtraction operation are linear, they can be

interchanged as shown in Figure. 3.3.

Instead of performing explicit sampling, it can be made partof the regenerative latch.

The clocked regenerative latch transformation is shown in Figure. 3.4.

At high speeds it is not advisable to have switches in the analog signal path since it

leads to non-linearities and additional delay. Hence clocked regenerative latch is an
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V(t)

CLK
Vref

V(t) - Vref

Vi Regenerative
Latch

b
1

Figure 3.3: Alternate Block Diagram of Comparator

CLK
Regenerative

Latch

CLK

Clocked
Regenerative

Latch

1
bV(t) V(t)

1
b

Figure 3.4: Clocked Regenerative Latch Transformation

advantage.

The block diagram of unit comparator with the clocked regenerative latch is shown in

Figure. 3.5.

Vin(t)

Vref

Vi(t)
Regenerative

Latch

CLK

Clocked 1
b

Figure 3.5: Unit Comparator Block with Clocked Regenerative Latch

The differential unit comparator block is shown in Figure. 3.6.

The differential referencesVrefp andVrefm are centred around the same common mode

as the inputsVinp andVinm. This ensures that the common mode gets removed on

subtraction. This enables the clocked regenerative latch to have a different common

mode.

At every rising edge of clock(CLK) the clocked regenerativelatch regenerates as given

in Table. 3.2.
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Vrefp

Vip(t)

Regenerative
Latch

CLK

Clocked
1

b
Vinm(t)

Vrefm

Vim(t)

Vinp(t)

Figure 3.6: Differential Unit Comparator Block

Table 3.2: Clocked Regenerative Latch Operation on Rising edge of Clock

Input Output
Vip > Vim b = 1, b = 0

Vip < Vim b = 0, b = 1

3.2 Subtraction Circuit

The subtraction circuit is one of the most critical component of high speed flash ADCs.

It is the main culprit that causes the references of comparators to change from their

nominal value leading to Differential and Integral Non-Linearity(DNL and INL). Sub-

traction is generally performed by passing the input signalthrough a capacitor charged

to the reference voltage as shown in Figure. 3.7.

Vin Vin - Vref

Vref
+ -

Figure 3.7: Subtraction using charged capacitor

The charged capacitor acts as a voltage source enabling subtraction. The capacitor

needs to be recharged regularly due to the fact that the charge leaks with time. During

this recharge phase the input must be disconnected from the capacitor. Since both the

plates of the capacitor are available for charging, it can beensured that the subtracted

value rides over the common mode of the clocked regenerativelatch as shown differen-

tially in Figure. 3.8. Parasitic capacitance at the input nodes of the regenerative latch
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leads to hysteresis. Therefore the bottom plates of the capacitors are chosen to face

away from the regenerative latch inputs.

VCMVrefp

C

V inp
V ip

VCMVrefm

C

V inm V im

To Regenerative Latch
Differential Input

φ φ
φ

φ
φ φ

Figure 3.8: Differential Subtraction Circuit

Vinp, Vinm, Vrefp andVrefm are given by

Vinp = VCMin +
Vin

2
(3.1)

Vinp = VCMin −
Vin

2
(3.2)

Vrefp = VCMin +
Vref

2
(3.3)

Vrefm = VCMin −
Vref

2
(3.4)

The output of subtraction circuitVip andVim are given by

Vip = Vinp − Vrefp + VCM = VCM +
Vin − Vref

2
(3.5)

Vim = Vinm − Vrefm + VCM = VCM −
Vin − Vref

2
(3.6)

Since switches are used to disconnect the inputs during recharging phase (Φ), it leads to

non-linearity. Moreover the ADC is not operational during this phase. These switches

in the signal path can be avoided if the subtraction capacitors are not recharged directly.
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This can be achieved by first charging another pair of capacitors and using these capac-

itors to charge the subtraction capacitors. This modification is shown in Figure. 3.9.

VCMVrefp

CS1

CL1 = CL2 = 155 fF

Vinp Vip

VCMVrefm

CS2

CL2

Vinm Vim

To Regenerative Latch
Differential Input

are non-onverlapping clocks

Φ

CS1 = CS2 = 15 fF

Wp = Wn = 140 nm 

Lp = Ln = 60 nm 

CL1

Φ

Φ

ΦΑ

ΦΒ

ΦΑ

ΦΒ

ΦΑ ΦΑ

ΦΒΦΒ

ΦΑ and ΦΒ

Figure 3.9: Subtraction Circuit without input switches

Now since the subtraction capacitors are not charged directly, there is no need for

switches in the signal path. In order to prevent direct connection between subtraction

capacitors and the reference and common mode voltages, non-overlapping clocks are

used. Since the subtraction capacitors do not lose charge quickly these non-overlapping

clocks can be much slower than than the ADC sampling frequency fs. A frequency of
fs
16

is chosen for these non-overlapping clocks. The lower frequency of operation also

helps in keeping the switch sizes small.

The capacitance value of the subtraction capacitor is chosen such that it is at-least 10

times larger than the capacitance of the input of the regenerative latch. This ensures
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that the charge lost by the subtraction capacitor due to voltage division is minimized.

The size of the capacitor used to charge the subtraction capacitor is chosen to be about

10 times smaller than the subtraction capacitor since it only needs to provide a small

amount of charge to the subtraction capacitor to restore thelost charge. But on start-up

it takes about a 800 clock cycles(about 300 ps forfs = 2.6 GHz) for the subtraction

capacitors to get fully charged.

3.3 Clocked Regenerative Latch

The regeneration operation utilizes the positive feedbackof back to back connected

inverters to regenerate a small voltage to full rail logic. The regeneration time depends

on the strength of differential input. If differential input is large then the regeneration

is faster. But if the differential input is small then it takes a long time to regenerate. At

high speeds a small differential input may not regenerate tovalid logic level due to time

constraint. This issue is called metastability.

Pre-amplifiers are used to amplify the differential signal first before regenerating in

order to reduce the offset of the latch[5, 6]. But at high speeds, pre amplifier adds to the

delay and becomes difficult to accommodate.

Though there are several ways to achieve regeneration, the strong arm latch[7] shown

in Figure. 3.10 is an exiting prospect due to the following advantages

• Has inbuilt pre-amplification due to the input differentialpair that mitigates metasta-
bility.

• It is a clocked regenerative latch that eliminates switchesto sample the input.

• Being fully differential it provides common mode rejection

• Uses only single phase of clock which is advantageous since it is difficult to
generate and propagate differential clock through the longADC chain. Moreover
single phase clock saves routing and power consumption.

Before the start of every clock cycle the outputs of the regenerative latch needs to be

reset to some value so that they are not influenced by the previous decision. Here they
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are reset to logic 1(vdd) using the transistors M7 and M8. Forthis purpose also the

same clock is used thereby eliminating the need for a reset clock.

M1 M2

M3 M4

M6M5M7 M8CLK

V imV ip

VopVom

M0

Vdd

Vxm Vxp

CLK

CLK

Figure 3.10: Clocked Regenerative Latch

The sizes of the transistors used are shown below. All transistors are of minimum

length(60 nm) for high speed operation.

Transistor Width(µm)

M0 6

M1, M2 4

M3 toM8 1

The operation of the latch is explained using the timing diagram shown in Figure. 3.11.

From the timing diagram we can see that the regeneration timedepends on the strength

of the differential input.

The zoomed version of the regeneration phase(regen phase) is shown in Figure. 3.12.

During the beginning of the regeneration phase voltages of both output nodesVop and

Vom decrease as current flows through both branches of the latch till the current reaches

maximum. Then the actual regeneration occurs. Depending onthe differential input the

current in one branch decreases while the current in the other branch increases thereby

leading to regeneration.
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CLK

Vop & Vom

fasterslower
regenerationregeneration

Regeneration Reset
Phase Phase

Regeneration 
Phase

(Vip - Vim)
Differential Input

0 V

Figure 3.11: Clocked Regenerative Latch Timing Diagram

CLK

Vop & Vom

Regeneration 
Phase

Initial
Regeneration

Phase

Figure 3.12: Regeneration Phase Timing Diagram
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In the beginning of the regeneration phase, when voltages ofboth the nodesVop andVom

decrease, there will be a slight difference in voltage between these two nodes depending

on the differential input. Hence it is during this initial part of the regeneration phase

that the input is sampled. There is no fixed sampling instant.Input changes after this

initial window does not affect the decision of the latch.

The sizes of the transistors are chosen such that the regeneration completes within 0.25

Ts(< 96 ps) for a differential input of 5 mV across all corners and temperatures. SS

corner at 70◦ C is the worst case scenario for delay.

The reset transistors M7 and M8 could have been made smaller.But if they are made

smaller then at the end of the reset phase there is about 5 mV difference betweenVop and

Vom(depending on the previous decision) which affects the decision in the next cycle

especially for small differential inputs. This dependanceon previous cycle decision

leads to hysteresis. Hence the reset transistors are not made smaller.

At the end of the regeneration phase the nodesVxp andVxm are 0 V(ground nodes of the

back to back inverters). In the reset phase, whenVop andVom are reset to logic 1(Vdd),

the transistors M3 and M4 turn on and try to pull nodesVxp andVxm towards Vdd. But

they will not reach Vdd due to the short duration of reset phase. There will be a small

difference in the voltages betweenVxp andVxm. This also leads to hysteresis. This can

be mitigated by using either of the schemes shown in Figure. 3.13.

The scheme shown in Figure. 3.13 b) is more effective since ittries to keep both nodes

same during reset phase. But it is found that this hysteresiseffect does not affect the

performance of the latch. Hence neither of these schemes areused.

3.4 SR Latch

The clocked regenerative latch outputs reset to Vdd in the negative phase of the clock.

So there is a need to store the decision before this reset occurs. Flip-flops can be used

to store these outputs. But we need to generate clocks for these flip-flops and also

make sure that these clock are timed such that the decision isstored before reset. This
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M1 M2

M3 M4

M6M5M7 M8

V imV ip

VopVom

M0CLK

Vdd

CLK

M9

a)

CLK CLK

M1 M2

M3 M4

M6M5M7 M8

V imV ip

VopVom

M0CLK

Vdd

M9CLK M10 CLK

b)

CLK CLK

Figure 3.13: Clocked Regenerative latch Modifications
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becomes difficult and adds to power consumption. A SR latch that does not respond

to both inputs being logic 1(Vdd) can be used. NAND gate basedSR latch shown in

Figure. 3.14 does just what is required.

Vop

Vom

Voutm

Voutp

Figure 3.14: NAND gates based SR latch

The truth table of the latch is shown in Table. 3.3.

Table 3.3: SR Latch Truth Table

Inputs Outputs
Vop Vom Voutp Voutm

0 1 0 1
1 0 1 0
1 1 Previous Value Previous Value
0 0 1 1

When both inputs are logic 0 then the outputs are invalid(both logic 1). But the regen-

erative latch never produces such a combination.

The transistor level schematic of the SR latch is shown in Figure. 3.15.

If we directly cascade the regenerative latch with the SR latch then the SR latch provides

an unequal load to the regenerative latch. As shown in figure.3.16, at the start of the

regeneration phase when SR latch outputs areVoutp = logic 1 andVoutm = logic 0,

the gate ofM6 contributes less capacitance while the gate ofM7 provides significant

capacitance.

This unequal capacitance affects the decision of the regenerative latch when the dif-

ferential input is small. This is also a form of hysteresis since the decision stored in

SR latch affects the next decision made by the regenerative latch. To avoid this issue a
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M0 M1

M2 M3

M5M4M6 M7Vop Vom

VoutpVoutm

Vdd

VomVop

Figure 3.15: SR latch - Transistor Level

M0 M1

M2 M3

M5M4M6 M7

Vdd

Voutm = Vdd Voutp = 0

Vop = Vdd Vom = Vdd

More CapacitanceLess Capacitance

Vop = Vdd Vom = Vdd

Figure 3.16: SR latch unequal input capacitance
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pair of buffers can be used between regenerative latch and SRlatch as shown in Figure.

3.17.

Vip

Regenerative
Latch

CLK

Clocked

Vim

SR
Latch

Voutp

Voutm

Figure 3.17: Buffers between Regenerative latch and SR latch

The sizes of the transistors in the SR latch are shown below. All transistors are of

minimum length(60 nm) for high speed operation.

Transistor Width(µm)

M0, M1 1

M2, M3 2.7

M4, M5 0.4

M6, M7 2.25

The sizes of the transistors in SR latch are chosen such that the entire delay from the

clock edge to the SR latch outputs is less than 0.4Ts (150 ps) for differential input of

10 mV.

3.5 Reference Generation

The input of ADC swings differentially from -1 V to +1 V(peak to peak of 2 V). For a

17 level mid-tread ADC, the step size is

∆ = 2

16
= 0.125 V

The 16 reference(threshold) voltages(single ended picture) are separated by the step size

and range from−7.5∆ to 7.5∆. The common mode voltage of the differential refer-

ences is chosen to be same as the common mode voltage(0.8 V) ofthe ADC differential
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inputs. The differential references ride over this common mode. The two reference

strings are shown in Figure. 3.18.

Vdd Vdd

Vrefp16 Vrefm1

Vrefp15 Vrefm2

Vrefp2 Vrefm15

Vrefp1 Vrefm16

Rx Rx

R

R

R

R

R

R

R

R

Rx Rx

Figure 3.18: Differential Reference Generation - Resistive strings

Since these are DC nodes, a capacitor(1.57 pF) is placed fromeach reference node to

ground in order to prevent dip in the DC voltage when current is drawn. In the resistive

stringRx andR are related byRx = 5.3R. R is chosen to be634Ω in order to charge

the capacitor of the subtraction circuit with in the time allotted for charging(8Ts =

3.07 ns). Each resistive string draws a static current of98.5µA and has static power
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dissipation of157µW.

3.6 Common mode voltage generation

The common mode voltage of the regenerative latch is chosen to be 0.6 V which is the

midpoint of the ADC supply voltage(1.2 V). The common mode voltage is generated by

using two resistors(1KΩ each) between digital supply and ground as shown in Figure.

3.19. A capacitor(3.76 pF) is placed between the common modenode and ground in

order to prevent dip in the DC voltage when current is drawn.

VCM

Vdd

R

R

Figure 3.19:VCM Generation

Since the ADC is about240µm long two such blocks are used one at each end of the

ADC. Each block draws a static current of600µA and has static power dissipation of

720µW.

3.7 Layout

The layout of a single comparator is shown in Figure.3.20. The layout is obtained from

the layouts of two half circuits to ensure that the layout is fully differential.

The dimensions of a comparator are52µm x 15µm.The length of the comparator is
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Figure 3.20: Layout of a Comparator
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made as small as possible in order to reduce the length of the ADC. Linear capaci-

tors(used in subtraction circuit) in the ST 65 nm library have a minimum dimensional

limit. This determines the comparator length.

The layout of the 16 comparators put together are shown in Figure. 3.21.

Figure 3.21: Layout of 16 Comparators

The layout of the entire ADC(16 comparators along with reference andVCM generation)

is shown in Figure. 3.22.

Figure 3.22: Layout of ADC

The dimensions of the ADC are100µm x 350µm and the ADC occupies an area of

0.035mm2.
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3.8 Sumulation Results

3.8.1 Comparator

The comparator threshold voltage varies due to mismatch in the subtraction circuit and

the regenerative latch. The offset in the threshold voltage(extend of threshold voltage

variation) is determined by simulating it for 100 runs of Monte Carlo simulation. The

threshold is determined by giving a slowly varying ramp to the comparator and detecting

transition in the comparator output. The results are shown in Figure. 3.23 for a rising

ramp and in Figure. 3.24 for a falling ramp. The accuracy of the simulation is±400µV.

Figure 3.23: Offset in threshold for rising Ramp input
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Figure 3.24: Offset in threshold for falling Ramp input
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The standard deviation(sigma) of the offset is about 9 mV which is lesser than 0.1

LSB(12.5 mV).

3.8.2 ADC

INL

A figure of merit of ADC is INL. It is determined from the step characteristic of the

ADC by giving a rising ramp input and plotting the output of anideal DAC whose

inputs are the ADC. The ADC characteristic is plotted in Figure. 3.25
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Figure 3.25: ADC Characteristics

The INL values are tabulated in Table. 3.4.

From the table it is seen that the magnitude of INL is well below 0.1 LSB. The INL

degrades after R+C+CC extraction. This is due to the fact that there is a delay in the

clock from the 1st to the 16th comparator. Even after degradation the INL is less than

0.2 LSB which along with the sigma offset determined in Subsection. 3.8.1 is less
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Table 3.4: INL

Comparator INL(in terms of LSB)
1 -0.017
2 -0.023
3 -0.023
4 -0.02
5 -0.02
6 -0.0138
7 -0.010
8 -0.008
9 -0.005
10 -0.001
11 0.001
12 0.001
13 0.007
14 0.007
15 0.005
16 0.007

than 0.3 LSB. The CTDSM loop can tolerate threshold variations upto 0.45 LSB while

maintaining SQNR above 80 dB.

ADC Open loop SQNR

The ADC in open loop is simulated with an input frequency of 1.292 GHz(close to

fs/2). The SQNR is tabulated in Table. 3.5 for the worst case scenario(SS corner at

70◦ C). The SQNR is calculated after passing the output of ADC through an ideal DAC.

Table 3.5: SQNR of open loop ADC

Type of Netlist SQNR(dB)
Schematic 26

C+CC 25.2
R+C+CC 25

The output spectrum for schematic in SS corner at 70◦ C is shown in Figure. 3.26.
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Figure 3.26: Spectrum of ADC output

SQNR of CTDSM loop

The ADC is embedded in the CTDSM loop and simulated with an input frequency of

28 MHz. The SQNR is tabulated in Table. 3.6. The SQNR is calculated after passing

the output of ADC through an ideal DAC.

Table 3.6: SQNR of CTDSM with ADC

Type of Netlist SQNR(dB)
Schematic 87

C+CC 85
R+C+CC 83

The CTDSM output spectrum for schematic in SS corner at 70◦ C is shown in Figure.

3.27.
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Figure 3.27: Spectrum of CTDSM output

Power Dissipation

The ADC has an open loop power consumption of 9.3 mW for input frequencies around

fs/2. The power consumption of the ADC inside the CTDSM loop is 5.4 mW.
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CHAPTER 4

New High Speed DWA Implementation

4.1 Mismatch of DAC elements

One of the major concerns in multi-bit CTDSM is the issue of mismatch of DAC

elements[8]. The CTDSM is especially sensitive to the mismatch present in the slow

path DAC(highest order path). This DAC output has same transfer function to the

CTDSM output as the CTDSM input. The mismatch components at lower frequencies

directly affects the SQNR by increasing the noise floor and causing harmonics.

DAC mismatch causes the levels of the DAC to be different fromtheir nominal values

as shown in Figure. 4.1 for a 4 level DAC.

Input Code
1 2 30

D
A

C
 o

ut
pu

t

∆

2∆

3∆

Ideal output points
Lie on a Straight Line

Figure 4.1: Mismatch of DAC elements

The difference in levels can be thought as non-linear distortion from the straight line.

So this non-linearity leads to harmonics and rise of noise floor. When the input code is

fixed the DAC elements that are active also gets fixed. Whenever the input code is 1,

the 1st element is enabled(and it is always the 1st element that gets enabled). When the

input code is 3, the first three elements are enabled. If the input is usually small then



the last few DAC elements rarely get enabled. Hence there is aclear input dependence

to this non-linearity.

4.2 Ways to tackle mismatch of DAC elements

Mismatch can be reduced by increasing the sizes of the DAC elements. But this in-

creases area and it is not possible to increase area beyond a limit. Hence other ways to

deal with mismatch needs to be considered.

The first method that was tried in literature was randomization[9, 10]. The DAC element

selection is random. Even for a fixed input code, the DAC elements that get enabled are

different for different clock cycles. Since the selection is random it does not depend on

the input code. So the harmonics disappear. The mismatch effect is modified to a white

noise effect. Hence the noise floor increases thereby decreasing the SQNR.

Another way to address the issue is to think on lines similar to the DSM noise shaping

idea. The IBQN was reduced by shaping theQNoise out of the signal band. A method

can be devised to similarly shape the effect of the mismatch of DAC elements out of the

signal band[11, 12]. This is in principle similar to having aCTDSM loop in the DAC

path to shape mismatch. Generally a 1st order mismatch shaping is sufficient to reduce

the mismatch below the IBQN level. There are several methodsto achieve 1st order

mismatch shaping. The most efficient and easy to implement method is Data Weighted

Averaging(DWA).

4.3 DWA concept

DWA method selects the DAC elements in a circular fashion. There is a pointer which

points to a DAC element. This pointer increments based on theinput code. The ele-

ments covered by the pointer are enabled. The new position ofthe pointer is from where

the increment happens in the next cycle. If the pointer reaches the last DAC element it

circles back to the first element. This technique is shown in Figure. 4.2 for a 5 level
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DAC with 4 DAC elements(numbered from 0 to 3).

Input Code 1 3

3rd Element

2nd Element

1st Element

0th Element
pointer

2 1 0 3 4 1 2

Figure 4.2: DWA example using 5 level DAC

From this it is observed that the input code only determines the number of DAC ele-

ments to be enabled. It is the pointer that decides which elements get enabled. And it

is seen that a set of adjacent elements(in a circular fashion) get selected. In other words

the thermometer code is shifted according to the pointer value and then applied to the

DAC elements.

4.4 Conventional DWA Implementation

The conventional DWA implementation is shown in Figure. 4.3for a L+1 level ADC

and DAC whereL = 2N .

Thermometer 
        to
     Binary (N-bit Adder)

N

Logarithmic Shifter
    ( N Stages )

     N
Flip-Flops

 L+1 Level
    ADC

   
Flip-Flops DAC Elements

N

2N2N2N

2N

2N2N

N Accumulator

Figure 4.3: Conventional DWA Implementation

Flip-flops are used to store the pointer value that is used to control a shifter that is placed

between the ADC and DAC. The output of ADC is converted to binary and then added

with the pointer value to obtain the new pointer value that isused to control the shifter

in the next cycle.
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Since the DWA operates every clock cycle there is only a clockcycle available to gen-

erate the new pointer value. The thermometer to binary can beachieved in two ways.

One method is to add individual bits. Another method is to convert thermometer code

to one-hot code using a transition detect and then convert this one-hot code to binary.

Both these involve significant delay. This binary code needsto be added to the cur-

rent pointer value to obtain the next pointer value. This requires an accumulator(N-bit

adder). For a 17 level ADC a 4-bit adder is required. The 4-bitadder itself has delay of

close to 0.5 ns in 65 nm technology. Hence this conventional DWA method is unusable

for high speeds(> 1 GHz).

4.5 New DWA Implementation

In conventional DWA, the ADC output was added to the current pointer to determine the

new pointer. But an interesting fact is that the current DWA output itself has information

about the next pointer. The position of the 10 transition(going from LSB to MSB) in

the DWA output(taken circularly) directly denotes the nextpointer value. An example

is shown in Equation. 4.1 for a 9 level ADC.

ADC Output(thermometer Code)= 00000011(Decimal 2)

Current Pointer decimal value= 1

Next Pointer decimal value= 1 + 2 = 3

DWA Output= 00000110

Position of 10 transition(going from LSB to MSB) in DWA otuput = 3

(4.1)

This new implementation is shown in Figure. 4.4 for a L+1 level ADC and DAC where

L = 2N .
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Figure 4.4: New High Speed DWA Implementation

4.5.1 Advantages

• Works at high speeds.

• Reduces the complexity and hence reduces the area and power dissipation of the
DWA block, since there is no accumulator block.

4.5.2 Disadvantage

The time available to generate the next pointer value is reduced due to the fact that the

DWA output is used instead of the ADC output.

4.6 Implemetation of individual blocks of the high speed

DWA

4.6.1 Shifter

For a 17 level ADC, the shifter has 16 inputs, 16 outputs and a 4-bit control input.

Based on the control input the shifter should be able to circularly shift the inputs. Hence

each input needs to have a path to each of the 16 outputs through switches. This can

be achieved by brute force by using a single stage of 256(16x16) switches. This is

known as Barrel shifter. Though this method uses only singlestage of switches it is not
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advisable since each input and each output node is loaded with 16 switches. Moreover

the routing is difficult and it requires 16 one-hot coded control lines(one for each shift).

So the control input needs to be in one-hot code format. If more than one control line is

enabled it leads to catastrophic errors in the output due to the fact that a single input is

connected to multiple outputs and vice versa. Due to all these issues the barrel shifter is

rarely used for large number of inputs. The commonly used shifter is logarithmic shifter.

It consists of 4 stages of shifter each stage controlled by one bit of the control(pointer)

input. The first stage can shift by20 = 1. The second stage can shift by21 = 2. The

third stage can shift by22 = 4 and the final stage can shift by23 = 8. Since each

stage can shift by a power of 2 it is called logarithmic shifter. Each stage uses 32(2x16)

switches or 16 single bit multiplexers and can connect each of its input to 2 outputs via

switches. The logarithmic shifter uses 128(2x16x4) switches.

The switch can either be simple transmission gate orC2MOS clocked inverter. In this

design clocked inverter is used due to its enhanced driving capability. Though the output

of the clocked inverter will be inverted, since there are 4 stages, the final output of the

logarithmic shifter is not inverted.

4.6.2 Pointer extraction Logic

The output of the DWA has the information of the next pointer value. The control logic

blocks shown by dotted lines in Figure. 4.4 extracts this pointer value.

10 Transition detect

The transition detect can be implemented using a single stage of NAND gates. It detects

10 transition(going from LSB to MSB) and not the 01 transition. Since NAND gates

are used the outputs are inverted one-hot code(only one of the output line is 0).
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One-hot to binary converter

There are several methods to convert one-hot code to binary.The FAT tree structure[13]

shown in Figure. 4.5 is used since it is a one of the fastest methods.

Since OR gates are slower, the FAT tree structure is implemented using NAND and

NOR gates as shown in Figure. 4.6

Since the output of transition detect is already inverted, the FAT tree block can be di-

rectly cascaded.

Pointer Retain Detect

If the thermometer code is all 0’s or all 1’s corresponding tothe two extreme levels, the

new pointer value is same as the old pointer. Hence this condition needs to be detected

and the old pointer value needs to be retained since there is no 10 transition in these two

cases. This can be simply detected from the extreme two comparator outputs. If the

1st comparator(LSB of thermometer code) output is 0 then thethermometer code is all

0’s. If the last comparator(MSB of thermometer code) outputis 1 then the thermometer

code is all 1’s. By using a single inverter and a single NAND gate this condition can be

detected as shown in Figure. 4.7. The NAND gate output is stored using a flip-flop.

Multiplexer

A 4-bit 2 to 1 multiplexer is used to select either the output of One-hot to binary con-

verter or the previous pointer value based on the pointer retain detector output. The

previous pointer value is stored using 4 Flip-flops as shown in Figure. 4.4.

The multiplexers are implemented usingC2MOS clocked inverters.

The output of the multiplexer is buffered and goes as controlinput to the logarithmic

shifter.
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Figure 4.5: FAT tree - One hot to binary
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Figure 4.6: FAT tree Implementation
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b0

b15

PR (Pointer Retain)

Figure 4.7: Pointer Retail Detector

4.7 Layout

The layout of the DWA is shown in Figure. 4.8

Figure 4.8: Layout of DWA

The dimensions of the DWA are130µm x 135µm and the DWA occupies an area of

0.0175mm2.
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4.8 Simulation Results

4.8.1 Mismatch Simulation

The CTDSM without DWA was subjected to Monte-Carlo simulation to determine the

effect of the mismatch of the slow path DAC resistors. Among the 10 runs, 4 runs

returned SQNR below 78 dB(with significant harmonics). After including the DWA,

the SQNR improved to 86 dB for all cases.

4.8.2 Open loop SQNR

The ADC along with DWA in open loop is simulated with an input frequency of 1.292

GHz(close tofs/2). The SQNR is tabulated in Table. 4.1 for the worst case scenario(SS

corner at 70◦ C). The SQNR is calculated after passing the output of ADC through an

ideal DAC.

Table 4.1: SQNR of open loop ADC with DWA

Type of Netlist SQNR(dB)
Schematic 26

C+CC 25.2
R+C+CC 24.6

The output spectrum for schematic in SS corner at 70◦ C is shown in Figure. 4.9.

4.8.3 SQNR of CTDSM loop with ADC-DWA

The ADC along with the DWA is embedded in the CTDSM loop and simulated with

an input frequency of 28 MHz. The SQNR is tabulated in Table. 4.2 for SS corner at

70◦ C. The SQNR is calculated after passing the output of ADC through an ideal DAC.

The CTDSM output spectrum for schematic in SS corner at 70◦ C is shown in Figure.

4.10.
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Figure 4.9: Spectrum of DWA output

Table 4.2: SQNR of CTDSM

Type of Netlist SQNR(dB)
Schematic 87

C+CC 85
R+C+CC 82.7
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Figure 4.10: Spectrum of CTDSM output with DWA

4.8.4 Power Dissipation

The DWA draws an average current of 4 mA and has a power consumption of 4.8 mW.
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CHAPTER 5

Clock Generation and Output Driver Network

5.1 Clock Generation Network

The block diagram of clock generation network is shown in Figure. 5.1.

Clock

AC Coupler Differential
Amplifier

Clock

CLKP Driver

Divide
by 16

Non-Overlapping

Clock Generator

ADC Clock

Fast Path Clock M

Slow Path Clock P

DWA Clock P

CLKM Driver
Fast Path Clock P

Slow Path Clock M

DWA Clock M

CLKINP

CLKINM

ΦΑ

ΦΑ

ΦΒ

ΦΑ

Clock Interface

Figure 5.1: Clock Generation Network

5.1.1 Clock AC coupler

The clock AC coupler serves as a high pass filter that filters the noisy external differen-

tial clock. The input differential impedance is chosen to be100Ω in order to match the

characteristic impedance of the probe that is used to bring the external clock. The clock

AC coupler is shown in Figure. 5.2

5.1.2 Clock Differential Amplifier

Due to the high frequency of operation(2.6 GHz) even if the external differential clock

has a differential amplitude of 1 V, it will get attenuated severely on passing through the



VddVdd
CLKINP CLKOUTP

CLKINM CLKOUTM

R1 R
2

R
2

C

C

R3

R3

R4

R4

VCMVCM

R1 = 50 Ω

R1

R2 = 93 KΩ
R3 = 30.6 KΩ
R4 = 688 Ω

C = 1.14 pF

Figure 5.2: Clock AC Coupler

probe and pad rings and it could very well be less than 100 mV once inside the chip.

It can also have some residual common mode content that does not get removed by the

AC coupler. Moreover even if the external clock is a square wave, due to attenuation it

could very well be close to a sine wave on reaching the active part of the chip. These

necessitate the need for a differential amplifier for the clock that acts as a sine to square

converter.

The differential amplifier is a two stage amplifier with both stages identical as shown in

Figure. 5.3.

Vdd

R1 R2

M1 M2

M3 M4

Vbias Vbias

CLKINP CLKINM

CLKOM CLKOP

Vdd

R3 R4

M5 M6

M7 M8

Vbias Vbias

CLKOP CLKOM

CLKOUTM CLKOUTP

M0

Vdd

Ibias

20 µA

Vbias

C1 C2

Figure 5.3: Clock Differential Amplifier

All resistors have a resistance of410Ω and both the capacitors have a capacitance of
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185 pF. The sizes of the transistors are given below

Transistor Width(µm) Length(µm)

M0 1.6 0.2

M1, M2, M5, M6 121.6 0.2

M3, M4, M7, M8 60 0.1

Each stage of the differential amplifier provides a gain of 3.5 at the clock frequency of

2.6 GHz. The overall gain is around 12 across corners.

5.1.3 Clock Drivers

The clock drivers are a set of inverter chains that generate the various clocks that are

used in the CTDSM. The first inverter that interfaces with thedifferential amplifier is

self biased with resistive feedback in order to set theVCM around the midpoint of the

supply. The various clocks and the relationship between them are given in Table. 5.1.

The ADC clock is used as reference.

Table 5.1: Relationship between different clocks in CTDSM

Type of Clock Delay with respect
to ADC clock

ADC clock 0
Clock to synchronize inputs to fast path NRZ DACs 0.45Ts

Clock for current steering RZ DACs 0.45Ts

Slow path clock to synchronize inputs to slow path NRZ DAC 1.1Ts

DWA clock 0.9Ts

5.1.4 Clock Divide by 16

Since the clocks to the subtraction circuit is slower(fs
16

), thefs clock needs to be divided.

This can be achieved by using T-Flip-flops as shown in Figure.5.4.

The T-Flip-flops have their T inputs tied to 1. Such T-Flip-flops can be made using

D-Flip-flops in the fashion shown in Figure. 5.5.
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Figure 5.5: T-flip-flop using D-Flip-flop
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The D-Flip-flops are implemented using True Single Phase Clock(TSPC) architecture

shown in Figure. 5.6.

Vdd

D

Q

CLK CLK

CLK

CLK

Figure 5.6: TSPC D-Flip-flop

It uses only single phase clock and since its output is already inverted it is easy to obtain

a T-Flip-flop by shortingQ output and D input.

5.1.5 Non-Overlapping Clock

Since non-overlapping clocks are needed for the subtraction circuit they are generated

using the circuit shown in Figure. 5.7.

ΦΑ

ΦΑ

ΦΒ

ΦΒ

CLK

Figure 5.7: Non-Overlapping Clock Generation
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5.1.6 Layout

The layout of the clock interface network is shown in Figure.5.8.

Figure 5.8: Clock Interface Layout

The layout of the clock divide by 16 along with the non-overlapping clock circuit is

shown in Figure. 5.9.

5.1.7 Simulation Results

The CTDSM was simulated with the clock generation network. There is no degradation

in SNR when the ideal clock network was replaced by real extracted components.

The clock interface networks consumes 8.5 mW of power. The rest of the clock gener-

ation network consumes 4.2 mW of power.
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Figure 5.9: Layout of the Non-Overlappingfs
16

Clock Network

5.2 Output Driver Network

5.2.1 Fast Path Driver

The fast path consists of 5 DACs of which 3 are NRZ and two are RZCS DACs.

For the NRZ DACs its inputs need to be synchronized at 0.45Ts. For this purpose we

can use a flip-flop. But since a flip-flop can be considered as a cascade of two latches,

SR latch is already present in the comparator. Hence we require only a D-Latch for

synchronization. AC2MOS D-Latch is used. The D-latch output is buffered and given

to the NRZ DACs.

The two RZ CS DACs have their own 0.45Ts clock. So the input to these RZ DACs

need not be synchronized. So the ADC comparator outputs are just buffered before

reaching the RZ DACs.

The fast path driver consumes 12.7 mW of power. In order to interface with the loop

filter, which has supply voltage of 1.6 V against the ADC supply voltage of 1.2 V,

the last stage inverters of the driver have a supply voltage of 1.6 V. Since the input

logic 1 to these inverters are 1.2V, the P-MOS transistors ofthese inverters do not turn

off completely, leading to increase in leakage currents andhence increase in power
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dissipation.

5.2.2 Slow Path Driver

The slow path consists of a single NRZ resistive DAC. Its inputs need to be synchro-

nized at 1.1Ts. This is achieved using transmission gates based flip-flops as shown

in Figure. 5.10. Transmission gate flip-flops are used instead of C2MOS flip-flops

for their cleaner output(devoid of clock feed-through). Toprevent the intermediate

node(Vx) from floating, during the negative phase of clock, the output of the flip-flop is

fed back.

D

CLK

CLK

Q

CLK

CLK

CLK

CLK

Vx

Figure 5.10: Transmission gate based Flip-flop with feedback

The slow path driver consumes 5.67 mW of power. Here also the P-MOS transistors of

last stage inverters do not turn off completely, leading to increase in leakage currents

and hence increase in power dissipation.

5.3 Overall CTDSM Power Consumption

The CTDSM power consumption split up is given in Table. 5.2.

The clock interface network that consists of Clock AC Coupler and Clock Differential

Amplifier(sine to square converter) can generally be excluded from the CTDSM power

consumption.
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Table 5.2: CTDSM Power Consumption

Block Power Consumption (in mW)
ADC 5.4
DWA 4.8
Loop filter and DACs 37
Output Drivers 18.3
Clock Generation network 12.7
Clock Generation network(excluding Clock Interface) 4.2
CTDSM 78.2
CTDSM(excluding Clock Interface) 69.7
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CHAPTER 6

Novel Clockless Return-to-Zero DAC

6.1 RZ DAC Element

RZ DACs are commonly used in CTDSMs to enhance the feedback content and stabilize

the CTDSM loop by compensating for the excess loop delay. RZ DACs are clocked and

the schematic of a Current Steering(CS) RZ DAC element is shown in Figure. 6.1.

Vdd

VOM VOP

IDAC

CLK

CLKB

BIT BITB

IDAC

Figure 6.1: Current Steering RZ DAC Element

When the clock is OFF the current sources enter triode region. When the clock turns

back ON, these sources take some time to come back to saturation and provide the re-

quired current. At high speeds this time taken is significantand leads to non-linearities.

Hence the current sources are retained in saturation by providing a path for the current

when the clock is OFF as shown in Figure. 6.2.



Vdd

VOM VOP

IDAC

IDAC

CLK

CLKB

BIT BITB

CLK

CLKB

Figure 6.2: Modified Current Steering RZ DAC Element

For a multi-bit CTDSM there will be several such DAC elements. Generating and driv-

ing clocks for such DAC elements becomes cumbersome and addsto power dissipation.

An RZ Current Steering DAC without explicit clock seems to bean exiting alternative.

6.2 Clockless RZ DAC motivation

The clocked regenerative latch outputs remains valid for about half time period and

automatically gets reset to logic 1(Vdd). A method can be devised to use these outputs

to drive the CS DAC and achieve RZ effect.

6.3 Clockless RZ DAC Implementaion

There are many ways to implement Clockless RZ current steering DACs controlled by

the regenerative latch outputs. One method is to use the existing RZ current steering

DACs and generate the clock using NAND gate controlled by theoutputs of a regener-
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ative latch. In the regeneration phase the NAND gate output is 1 and in the reset phase

the NAND gate output is 0(since both inputs to the NAND gate are reset to 1) there by

acting as a clock. But this method requires extra circuitry for NAND and buffering of

the clock. Moreover the clock so generated may come earlier than the Data for some

DAC elements thereby requiring extra circuitry to avoid such problems.

Another implementation that avoids the need of extra circuitry is shown in Figure. 6.3.

The DACs are controlled by the Regenerative latch outputs(which reset to logic 1 after

half clock cycle thereby producing the RZ effect).

Vdd

M0

M1

M2

M3

M4

M5

M6

M7

VOM VOP
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VIP VIPB

VIM VIMB

IDAC
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Figure 6.3: Clockless Current Steering RZ DAC Element

The Table. 6.1 explains the working of the Clockless CurrentSteering(CS) Return to

Zero(RZ) DAC.

The current sources can be retained in saturation by using the modification shown in

Figure. 6.4.

63



Table 6.1: Clockless RZ CS DAC operation

Input Combination Result
VIP VIM

1 0 Current pushed intoVOP , Current pulled fromVOM

0 1 Current pushed intoVOM , Current pulled fromVOP

1 1 BothVOP andVOM disconnected from current sources

Vdd

M0

M1

M2

M3

M4

M5

M6

M7

VOM VOP

VIP

VIMB

VIMB

VIP VIM

VIPB

VIPB

VIM

VIP VIPB

VIM VIMB

IDAC

IDAC

M8

M9

M10

M11

VIP

VIM

VIMB

VIPB

Figure 6.4: Modified Clockless CS RZ DAC Element
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6.4 Non-Ideality in Clockless RZ DAC

The differential inputs to the 16 comparators after reference subtraction are different.

The comparator that sees a larger differential input regenerates faster. Hence the cor-

responding clockless DAC element turns on earlier than other elements. But all the

clockless DAC elements turn off around the same time since the resets are synced.

Some sample DAC pulses of the Clockless DAC elements are shown in Figure. 6.5.

This non-ideality can be thought of as an error pulse similarto the quantization error

which can be approximated to have a white(flat) spectrum. Since this error gets added

to the inner most loop it gets shaped and most of its content isswept out of the signal

band. But since a small portion remains it can lead to rise of noise floor.

Time

Current
Clock

Reset PhaseRegen Phase

DAC Pulses

Figure 6.5: Clockless RZ DAC Element pulses

6.5 Simulation Results

The clocked RZ DAC elements are replaced with the clockless RZ DAC elements and

the CTDSM is simulated with an input frequency of 28 MHz. The loop is stable. The

spectrum is shown in Figure. 6.6.

There is no harmonic distortion(2nd and 3rd harmonics). There is no out of band peak-

ing. But the noise shaping in the signal band is not clearly visible due to rise in the noise

floor. Due to the noise floor rise the SQNR has come down to 80 dB.By changing the
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Figure 6.6: CTDSM Spectrum with Clockless RZ DAC

currents of the clockless RZ DAC elements the SQNR improved to 82 dB.
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CHAPTER 7

Conclusion and Future work

In this work the implementation of a high speed ADC working at2.6 GHz is presented.

The open loop SQNR of the ADC is 25 dB. The ADC is embedded in a CTDSM loop

designed for a wide bandwidth of 100 MHz at a sampling Frequency of 2.6 GHz. The

SQNR of the CTDSM loop for a -3 dBFS input signal at 30MHz frequency is 83 dB.

A new high speed, power efficient implementation of Data Weighted Averaging(DWA)

is also presented. The inclusion of DWA did not affect the SQNR of the CTDSM

loop. It improved the performance of the CTDSM when there is mismatch of DAC

elements. The power dissipation of the CTDSM is 78.2 mW . The power dissipation

of the combination of ADC, DWA, clock generation and output driver network is 41.2

mW. A novel clockless RZ DAC is also presented. The feasibility of its inclusion in the

CTDSM loop is verified. Though the CTDSM loop is stable there is SQNR degradation

due to noise floor rise.

The Clockless RZ concept can further be analyzed and a technique to model the varying

rise times of the current pulses can be determined. This model can then be used to fit

the NTF to improve the SQNR.
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