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ABSTRACT OF THE DISSERTATION 

 

 

Efficient Track-and-Hold Techniques for High Speed Time-interleaved ADCs 

 

by 

Xiao Wang 

Doctor of Philosophy in Electrical and Computer Engineering 

University of California, Los Angeles, 2018 

Professor Mau-Chung Frank Chang, Chair 

 

Time-Interleaving (TI) can relax the power-speed tradeoffs of analog-to-digital converter 

(ADC) and reduce their metastability error rate while it is not free. Track-and-hold (T&H) 

nonlinearity, noise and power are the main limitations of high-speed high-resolution and low-

power ADCs. This dissertation introduces two efficient T&H design techniques to improve the 

performances of TI-ADCs without sophisticated calibrations. Two fabricated chips with 8b 

2GS/s and 8b 8.8GS/s will be shown as the silicon verification of the proposed methods.  

Two prototype ICs were designed during this work. First, a two-way time-interleaved 

pipelined ADC architecture was built upon a new concept of virtual-ground sampling, featuring 

merged front-end T/H, residue generation, input termination, and buffering. This architecture 

is investigated to alleviate the front-end performance tradeoff among the THD, bandwidth, and 

sample rate (interleaving factor). A 2-GS/s 8b ADC using the new architecture was designed 
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and fabricated in a 28-nm CMOS, achieving 43-dB SNDR and 55-dB SFDR up to Nyquist 

frequency. 

Second, a complementary dual-loop-assisted track-and-hold buffer is introduced to achieve 

both high linearity and bandwidth with low power. The prototype ADC also employs a two-level 

2×8 master-slave hierarchical interleaved architecture and achieved an 8.8 GS/s 16-way time-

interleaved asynchronous SAR ADC fabricated in 28-nm CMOS technology. It achieves 38.4-dB 

SNDR and 50-dB SFDR with a Nyquist input at 8.8 GS/s sampling rate and consumes 83.4 mW, 

resulting in a 140 fJ/conv.-step Walden FOM with buffers. 
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CHAPTER 1 

 

Introduction 

1.1. Motivation 

A pulsed wave radar is one of the modern millimeter-wave radar systems. It can detect 

objects with higher range resolution compared with other continuous wave radar systems [1], 

[2], as shown in Fig. 1.1. ADC-based backplane receivers and coherent fiber-optical receivers 

are promising technologies for the next generation wireline communication systems [3], [4], as 

shown in Fig. 1.2. For both technologies, high speed analog-to-digital converter (ADC) of over 

multi GS/s is one key enabler.  

Time-Interleaved (TI) analog-to-digital converters (ADCs) have been gaining popularity in 

the past few years, not only because it relaxes the power-speed tradeoffs of ADC and reduce 

their metastability error rate, but also because newer CMOS technologies no longer provide 

significant speed advantages. Furthermore, the successive approximation register (SAR) ADCs 

greatly benefit from their simple analog configuration and excellent power and area efficiency 

with the scaling down of CMOS technology. However, the benefit brought by time-interleaving 

is not free. In addition to extra area, more complex clocking and routing networks, massive 

interleaving structures not only increase input load that limits the signal bandwidth, but also 

incur various issues including offset, gain and timing mismatches. Consequently, complex 

calibrations [5-8] were required thus increasing system design complexity, massive routing, 

clocking, and total chip area. To achieve sufficient bandwidth, track-and-hold (T&H) buffers 
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are usually employed before and/or after the sampling switches in TI ADCs. Convectional 

T&H buffers [9-11] severely suffer from design challenges including bandwidth, slewing speed, 

linearity, noise and etc.  

 

Fig 1.1, Millimeter-wave pulsed radar system [2] 

 

Fig 1.2, ADC-based data link transceivers [3] 

Fig. 1.3 shows a plot of Walden figure-of-merit (𝐹𝑂𝑀𝑊 = 𝑃/(2𝐸𝑁𝑂𝐵 × 𝑓S)) vs. conversion 

speed for SAR ADCs using the data collected in [12]. It is evident that recent designs cover a 

wide performance spectrum (conversion speeds from several GS/s to several tens of GS/s) and 

achieve very good power-efficiency at low to moderate conversion speeds (< 300 MS/s). This 

can be attributed to the improvement in CMOS process technology, new ADC architecture 

developments and circuit level 
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Fig 1.3, FOMW vs. conversion speed showing ADC performance [12] 

optimizations. 

In this dissertation, I report two efficient T&H front-end architectures for high speed time-

interleaved ADCs. First, I propose a time-interleaved two-step ADC architecture built upon a 

new concept of virtual-ground sampling and using merged front-end T/H with residue 

generation, input termination and buffering, aimed to push effective-number-of-bits (ENOB) 

of time-interleaved ADCs from a current 5~6b range to 7~9b level without degrading 

conversion rates. Thereafter, I introduce an 8.8 GS/s 16-way time-interleaved asynchronous 

SAR ADC. A two-level 2×8 master-slave hierarchical interleaved architecture is employed. A 

complementary dual-loop-assisted buffer is proposed to achieve both high linearity and 

bandwidth with low power.  
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1.2. Dissertation Organization 

The remainder of this thesis is organized as follows. Chapter 2 introduces the basics and 

design challenges of time-interleaved ADCs and track & hold front end. Chapter 3 explains a 

new concept of virtual-ground sampling and presents a time-interleaved two-step ADC 

architecture built upon a new concept of virtual-ground sampling and using merged front-end 

T/H with residue generation, input termination and buffering. And the modeling, design and 

measurement results are also shown in this chapter. Chapter 4 describes a complementary dual-

loop-assisted buffer for high speed time-interleaved SAR ADC. The design, analysis and 

measurements of an 8.8-GS/s, 50-dB SNFR prototype ADC in a 28-nm CMOS process are 

presented in this section. Chapter 5 concludes the dissertation. 
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CHAPTER 2 

 

Time-Interleaved ADCs and Track & Hold Front End 

2.1. Basics of Time-Interleaved ADC 

In Fig. 2.1 an implementation of a time-interleaved (TI) ADC is shown consisting of 

several channels, each with a track-and-hold (T&H) section and a sub-ADC [13]. The sample-

rate of an interleaved ADC is N times the sample-rate of a sub-ADC, with N the number of 

channels. The main benefit of the time-interleaved architecture is that the overall sample-rate 

can be very high, while the sub-ADCs only need a moderate sample-rate, enabling a high power 

efficiency. A corresponding timing diagram is shown in Fig. 2.2. At each falling edge of the 

master-clock (MCLK), one of the T&Hs goes from track-mode to hold-mode and takes a 

sample of the input-signal. For a master-clock with sample-rate fS and a number of channels 

N, each T&H and sub-ADC has a sample-rate of fS/N. Making a time-interleaved ADC 

involves more than just placing a few non-interleaved ADCs in parallel, since the requirements 

for a non-interleaved T&H and ADC differ from that of a time-interleaved T&H and sub-ADC: 

Aspects like offset, gain error and absolute timing, which are usually not an issue for a general 

purpose non-interleaved T&H and ADC, are important for a time-interleaved architecture, as 

will be explained in this chapter. Moreover, the Nyquist frequency of a time-interleaved 

architecture is N times higher than that of a non-interleaved ADC, so the T&Hs should have a 

much higher bandwidth and should be able to sample signals with an N times higher frequency. 
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Fig 2.1, Time-interleaved ADC architecture 

 

Fig 2.2, Timing diagram of a time-interleaved ADC 

2.2. Mismatches of Time-Interleaved ADCs 

Since random mismatches and processes and temperature and voltage variations exist, each 

sub-ADC may have different characteristics. And these mismatches can seriously limit the 

ADC linearity. 

The effect of offset and gain mismatches has been studied extensively [14-16]. In the 

absence of the input signal, the two ADCs digitize their own DC offsets, shown in Fig. 2.3. 

Consequently, the multiplexed output toggles between the two offsets and presents a pattern at 

fs/2. Obviously the digital output and the analog input do not agree with each other. 
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Fig 2.3, Offset mismatch of TI-ADC 

An intuitive example to understand gain mismatch is also a two way interleaved ADC with 

DC input shown in Fig. 2.4. The output is an amplitude modulate version of the input. But 

unlike the offset mismatch case, the spurious tone generated by gain mismatch is input 

frequency dependent. 

 

Fig 2.4, Gain mismatch of TI-ADC 

The performance of a time-interleaved ADC is affected by mismatch in offset and gain, 

and this is not dependent on the signal frequency. For bandwidth mismatch however, the 

performance degradation is dependent on the signal frequency. The ADC front-end can be 

modeled as a low-pass-filter (or any transfer function). However, each ADC's front-end may 

have a different transfer function. Luckily the transfer function can be decomposed into 

magnitude and phase response which can be considered as gain and skew mismatch. One must 

notice that the equivalent gain and skew mismatch in this case is frequency dependent. 
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Fig 2.5, Bandwidth mismatch of TI-ADC. 

In ideal case the sampling point of each sub-ADC is assumed to be evenly spaced. 

However in real implementation, mismatches always exits and cause the sampling point to 

shift. A two-way interleaved ADC example with skew mismatch is shown in Figure 2.6. The 

black solid line shows the sampling point of sub-ADC1 and the black dotted line shows the 

sampling point of sub-ADC2 in a skew free case. However because of skew the sampling point 

of sub-ADC2 is delayed by ∆t and represented by the red solid line. Hence the sampled value 

of subADC2 is wrong by ∆t × dV/dt assuming the skew magnitude is small. Obviously the 

skew error power is proportional to the frequency of the input signal. Thus making this error 

significant for high frequency input. 

 

Fig 2.6, Timing mismatch of TI-ADC. 

Offset mismatch causes distortion tones at multiples of fS/N, while mismatch in gain or 

timing results in tones at multiples of fS/N ± fIN. In Fig. 2.7 the spectrum of a reconstructed 

sinusoid is shown for N = 8 and band-limited to fS/2 + fIN, with fIN the frequency of the input 
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signal. The upper part shows the case where only offset mismatch is present and the lower part 

shows the effect of gain or phase mismatch. The amplitude of the spurious tones depends on 

the offset/gain distribution of the channels and on the number of channels: for a larger number 

of channels, the error energy is divided between more tones, so the amplitude per tone 

decreases. And bandwidth mismatch can be split into resulting gain and timing mismatches 

[13]. 

 

(a) 

 

(b) 

Fig 2.7, Spectrum of a reconstructed sinusoid for a time-interleaved ADC with 8 

channels and mismatch in (a) offset and (b) gain or timing mismatch 

2.3. Time-interleaved Track and Hold Architectures  

In this section three time-interleaved T&H architectures are discussed: the normal TI 

architecture without a front-end sampler, the TI architecture with a front-end sampler and the 
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architecture with a hierarchical front-end sampler. Optional improvements and limitations are 

discussed for all architectures in relation to bandwidth and accuracy. The section ends with a 

comparison of the architectures. 

2.3.1. TI architecture without a front-end sampler 

The most straightforward configuration of a TI T&H is shown in Fig. 2.1, where each sub-

ADC has its own T&H circuit [17, 18], with corresponding timing diagram shown in Fig. 2.8. 

At each falling edge of the master-clock, one of the T&Hs goes from track-mode to hold-mode 

and takes a sample of the input signal. This signal is then converted to the digital domain by 

the ADC in the same channel. 

An important consideration is the input capacitance of the time-interleaved T&H. For high 

speed input signals often transmission lines with on-chip 50Ω termination are used to mitigate 

reflections. The resistance at the input node is therefore 25Ω: 50Ω of the on-chip termination 

parallel to 50Ω of the external source. With this fixed input resistance, the input capacitance 

determines the bandwidth. If the resulting bandwidth is not large enough, an input buffer can 

be used to increase the bandwidth. The input capacitance of the T&H determines the power 

consumption of this buffer and for a very large capacitive load it can be unfeasible to drive it 

with sufficient bandwidth. Also, due to the high demands on this buffer (the combination of a 

high speed and a large capacitive load), it requires a lot of power. When the timing diagram of 

Fig. 2.8 is used, at each moment in time N/2 sample capacitors are connected to the input. The 

input capacitance can be decreased by reducing the track-time. In Fig. 2.9 the timing diagram 

is shown for a track-time of one period of the master clock. In this case only one sample-
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capacitor is connected to the input at a time, lowering the input capacitance and enabling higher 

number of channels for a given bandwidth. A short track-time implies a long hold-time, which 

is advantageous in most ADC architectures, as the ADC has more time to do the conversion. 

 

Fig 2.8, Timing diagram of TI ADC with track-time of N/2 period 

 

Fig 2.9, Timing diagram of TI ADC with track-time of one period 

2.3.2. TI architecture with a front-end sampler 

To avoid timing-misalignment between channels, a frontend sampler (FRS) [19] can be 

added to the conventional architecture as shown in Fig. 2.10. The essence of this architecture 

is that the frontend sampler determines all sampling moments, avoiding timing mismatch. To 

reduce the input capacitance and to increase the conversion-time available for the ADC, the 
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track-time can be reduced to one clock period, in the same way as in the conventional 

architecture without a front-end sampler. The resulting timing diagram is shown in Fig. 2.1. 

 

Fig 2.10, Timing diagram of TI ADC with the track-time of one period and front-

end sampler 

Without a frontend sampler the track-time can be made one or more periods. A 

disadvantage of the architecture with a frontend sampler is that the track-time is limited to 

about half a clock-cycle of the master clock, because the frontend sampler has to operate at the 

full sample-rate. The track-time can be slightly increased by using a clock with a duty-cycle 

larger than 50%, but it can never reach a full clock period, as the sample-switch in the channel 

has to be opened while the frontend switch is still open. Ensuring that the clocks are non-

overlapping at high sample rates, takes a significant part of the sample-period. 

2.3.3. TI architecture with hierarchical front-end sampler 

The main disadvantage of a frontend sampler is the decrease in bandwidth, due to the 

large capacitance of the wires and switches after the sampler. This capacitance can be 

decreased by using additional switches placed between the frontend sampler (FRS) and the 

T&H switches in the channels. The hierarchical sampler is shown in Fig. 2.11. 
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Fig 2.11, TI Architecture with hierarchical front-end sampler 

The corresponding timing diagram is shown in Fig. 2.12 and the operation is as follows: 

Suppose switches FRS, SA1 and SB1 are conducting, such that the first channel is in track 

mode. Then, FRS opens first and determines the sample moment. Next, SB1 opens and fixes 

the charge on the sample capacitor. After this, FRS and SB2 close and the second channel is in 

track-mode. After a sample period, FRS opens again followed by SB2 and so on. When SB4 is 

opened (after FRS is opened), also SA1 is opened and SA2 is closed, such that the next four 

channels can take samples of the input signal. The A-switches can be opened, after the B-

switches are opened. Since the charge on the sample-capacitor is then already fixed, charge 

injection of the A-switches does not degrade the performance.  
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Fig 2.12, Timing diagram of architecture with hierarchical front-end sampler 

The advantage of this architecture is that timing misalignment is avoided, and the 

bandwidth is larger than without using additional switches. A disadvantage of this architecture 

is that the (in this example) four quarters of the circuit will have bandwidth mismatch due to 

spread in the A switches (w.r.t. RON and Cparasitic) and the capacitance of the wire and the B 

switches. This can limit the performance or require bandwidth calibration.  

2.4 Track and Hold Buffer 

In a TI ADC multiple sub-ADCs operate in parallel, resulting in an N times higher sample-

rate, with N of the number of channels. If the ratio of the maximum input frequency and the 

sample-rate (e.g. 1/2 for Nyquist operation) is kept constant, the T&Hs need to operate with N 

times higher input frequencies than if used non interleaved. 

To achieve good linearity, closed-loop configurations (shown in Fig. 2.13(a)) using 

feedback are commonly used in T&Hs for medium signal frequencies [20, 21]. However, for 

high input signal frequency, the gain-bandwidth product (GBW) is limited due to return factor 
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less than one and imperfections of virtual ground, resulting in reduced linearity at higher input 

frequencies.  

Open-loop configurations offer a higher bandwidth at the cost of accuracy and linearity. A 

bandwidth of multi-GHz is easily achievable with a configuration with a source-follower 

buffer, shown in Fig. 2.13(b). This configuration suffers from distortion introduced by 

sampling switch, nonlinear capacitance and the buffer. 

 

(a)                                   (b) 

Fig 2.13, T&H configuration with (a) closed-loop buffer and (b) open-loop buffer 

2.4.1. Buffer Distortion 

Differential implementation of the T&H can reduce even-order harmonics by a large 

amount. The actual reduction depends on the matching of the halves of the circuit. For odd-

order harmonics, consider the source follower buffer of Fig. 2.13(b). The bulk of the PMOST 

is tied to its source to mitigate the non-linear body effect. Assuming an ideal current source, 

the small signal transfer function is given by: 

    𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛
1

1+
1

𝑔𝑚(𝑉𝑖𝑛)×𝑟𝑜𝑢𝑡(𝑉𝑖𝑛)

       (2-1) 

with gm the transconductance of the transistor and rout the output resistance of the transistor. 

Both gm and rout are functions of the drain-source voltage (VDS) due to channel length 

R

Opamp
R

Vin

CS

Vout
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modulation, and as VDS depends on the input voltage, they are functions of the input voltage. 

So, when the input voltage varies, the transfer function varies, and the output signal becomes 

distorted. 

In modern sub-micron CMOS processes, the non-linearity of the output resistance is the 

dominant source of distortion in the configuration of Fig. 2.13(b). To get a high bandwidth, the 

length of the transistor must be small, so the absolute value of the output resistance is small. If 

the intrinsic gain (gm × rout) is small and nonlinear, the output signal is significantly distorted. 

The best way to increase the linearity is to decrease the variation of VDS. An example of a 

circuit where this is implemented is the cascode source follower [22], shown in Fig. 2.14(a). A 

disadvantage of this implementation is the increased input capacitance. Moreover, the upper 

transistor needs to have a much smaller threshold voltage than the lower transistor to keep the 

lower transistor in saturation. This can be accomplished by scaling the transistors, which can 

be disadvantageous for other circuit aspects like speed or it can be accomplished by using a 

process option such as the low-VT option [23], which requires additional process steps. 

    

(a)                                   (b) 
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Fig 2.14, Buffer implementation with (a) cascode transistor and (b) additional 

bootstrapped transistor 

The other example of unity-gain buffer is shown in Fig. 2.14(b). It is in fact a P-type 

source-follower (SF), with an additional N-type SF aiming to bootstrap the drain-source 

voltage of the PMOS transistor constant. The second SF decreases the variation in VDS of the 

PMOST, such that the effective output resistance of the PMOST is increased and that the gain 

and linearity of the buffer are increased. This is explained in the next paragraphs. The second 

SF transistor needs to have a short channel length to achieve a large SF bandwidth, and its bulk 

is connected to ground, since this is required by most standard CMOS processes. Due to the 

small output resistance and the body-effect, the voltage gain of the 2nd SF buffer is only around 

0.9. The signal swing over the source-drain of the first SF transistor is therefore only 0.1VOUT 

instead of VOUT. Consequently, there will flow 10 times less current in the output resistance, 

and its effective resistance is increased by the same factor. The gm of the first SF transistor is 

unchanged, so the intrinsic gain (gm × rout) is increased by a factor of 10 as well, and the voltage 

gain of the buffer will be closer to 1. 

For the linearity the following holds: Suppose the output resistance is described by the 

following equation: 

𝑟𝑜𝑢𝑡 = 𝑎 + 𝑏𝑉𝐷𝑆 + 𝑐𝑉𝐷𝑆
2 + 𝑑𝑉𝐷𝑆

3        (2-2) 

Compared to a conventional SF, 𝑉𝐷𝑆 is 10 times less (−20 dB), the second-order distortion 

component 𝑐𝑉𝐷𝑆
2 is reduced by 40 dB (100 times) and the third-order distortion component 

𝑑𝑉𝐷𝑆
3 is reduced by 60 dB (1000 times). 
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2.4.2. Input Capacitance 

It is important that the input capacitance of the T&H buffer is low and linear, to avoid 

distortion at the input of the buffer for high-frequency input signals. The new buffer has less 

non-linear input capacitance than a conventional or the cascaded source-follower, as described 

in the following: In the conventional source-follower, the gate-source capacitance is effectively 

lowered thanks to the Miller effect: 

  𝐶𝑒𝑓𝑓 = (1 − 𝐴𝑉) × 𝐶𝑟𝑒𝑎𝑙        (2-3) 

with Ceff the effective capacitance when looking into the gate, AV the voltage gain between the 

gate and the source and Creal the real gate-source capacitance. For a source-follower, the gain 

AV is close to 1 and the effective capacitance is only a small fraction of the real capacitance. 

This is true for both the gate-source and the gate-bulk capacitance, assuming the bulk is 

connected to the source. What remains is the gate-drain capacitance and this is the dominant 

input capacitance for both the conventional and the cascode source-follower. In the buffer with 

additional bootstrapped transistor in Fig. 2.14(b), the drain terminal of the input transistor also 

tracks the input signal. The gate-drain capacitance is therefore mitigated as well, resulting in a 

very small input capacitance. 

2.4.3. Distortion at High Frequencies with a Capacitive Load 

If a buffer, implemented as a switch source follower is loaded with a capacitance (e.g. sub-

ADC), the current through the input transistor of the buffer varies when the capacitance is 

charged or discharged, see Fig. 2.15 with switch S2 closed. If the bias current is not constant, 
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the gate-source voltage VGS of the input transistor is not constant and the output will be 

distorted. 

 

Fig 2.15, Hierarchical T&H configuration with buffer and additional switch 

For a non-interleaved (NI) T&H and a buffer with first-order settling behavior, the 

bandwidth requirement for the buffer with respect to settling is: 

  𝐵𝑊𝑁𝐼,𝑠𝑒𝑡𝑡𝑙𝑒 =
(𝑛+1)×ln (2)×2×𝑓𝑆

2π
       (2-4) 

with n the resolution in bits, fS the sample-rate and assuming half the sample period for settling. 

With n = 10, the resulting bandwidth requirement yields: BWNI,settle > 4.9fNyquist. An input buffer 

with this bandwidth tracks input signals at Nyquist frequency closely. 

For a TI T&H the bandwidth requirement for settling is relaxed by the interleaving factor 

(number of channels). The bandwidth requirement for a TI T&H is: 

  𝐵𝑊𝐼𝑁𝑇,𝑠𝑒𝑡𝑡𝑙𝑒 =
(𝑛+1)×ln (2)×2×𝑓𝑆

2π×N
       (2-5) 

with N the interleaving factor and again assuming half the sample-period for settling. For the 

example of n = 10 and an interleaving factor of 16, the bandwidth requirement is: BWINT,settle > 

0.3fNyquist. If a buffer with minimal bandwidth for settling is used to save power, the buffer 

output no longer tracks input signals at the Nyquist frequency, but a large attenuation and 
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phase-shift is present, and the problem as shown in Fig. 2.16(a) arises: During tracking, the 

buffer output VBUF cannot follow the input signal VT/H and at the sample moment (tsample), the 

output signal VBUF is not yet fully settled. After the sample moment, the buffer output VBUF 

will slowly settle to its final value. During this settling, charge-redistribution between (1) the 

non-linear parasitic capacitance CP between the input and output of the buffer and (2) the 

sample capacitor CS, causes distortion of the voltage on the sample capacitor VT/H and the buffer 

output VBUF, as indicated in the figure. 

To avoid distortion, the buffer bandwidth could be increased, but this increases its power 

consumption significantly. Moreover, up-scaling of the buffer is limited, as this also increases 

the nonlinear input capacitance of the buffer, which requires more drive-power and introduces 

distortion at the input of the buffer. Up-scaling is therefore always a compromise between the 

required bandwidth on one side, and linearity, power and available drive on the other side. 

 

(a)                                   (b) 

Fig 2.16, Hierarchical sampling with a buffer having a limited-bandwidth (a) without S2 

in Fig. 2.15, (b) with S2 in Fig. 2.15 
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To overcome this compromise, switch S2 is introduced between the buffer output and the 

input capacitance of the ADC as shown in Fig. 2.15 [10]. In track-mode this switch is open and 

the load capacitance of the buffer is small. Hence the buffer bandwidth is high and output VBUF 

can now follow the input VT/H closely, as shown in Fig. 2.16(b). In this case, the distortion due 

to charge redistribution is mitigated, without decreasing the linearity or increasing the power 

consumption. 

When the ADC is connected at t = tswitch, the buffer output will first make a step to the 

value of the previous sample, still present on the ADC input capacitance. Then the buffer will 

charge the ADC load to the new sample value. Charge redistribution after t = tswitch causes a 

signal dependent step in VT/H, marked by S. This seems to cause distortion, however as VBUF 

settles to its final value, the process of charge redistribution is reversed and VT/H returns to its 

initial, undistorted value. This is thanks to charge conservation at the capacitor plates connected 

to the input node of the amplifier. 

In conclusion, in an interleaving architecture the settling time can be relatively long. If the 

buffer has a large capacitive load, its bandwidth can be reduced to save power. However, this 

causes distortion. Now, by disconnecting the load during tracking, the distortion is avoided and 

the buffer bandwidth can remain reduced and power is saved. In next two chapters, two 

efficient T&H architectures with buffers and techniques are introduced with demonstrations of 

prototype ADCs. 
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CHAPTER 3 

 

A 2-GS/s 8-bit ADC Featuring Virtual-Ground Sampling 

Interleaved Architecture in 28-nm CMOS 

 

This chapter will propose a time-interleaved pipelined ADC architecture built upon a new 

concept of virtual-ground sampling, featuring merged front-end track-and-hold (T/H), residue 

generation, input termination, and buffering [24]. 

3.1. Introduction 

High-speed time-interleaved (TI) ADCs have recently enabled data transmissions up to 

100 Gb/s using PAM4 or DP-QPSK modulations to overcome channel bandwidth (BW) 

limitations [25-27]. To support higher-order modulations for data rate beyond tens of Gb/s, the 

ADC effective-number-of-bits (ENOB) needs to be pushed to a higher resolution range than 

the current low-resolution level of 5~6 bits. This poses a significant design challenge because 

the simple track-and-hold (T/H) front-end circuits commonly used for high speed operations 

[26-30], become the bottleneck in linearity or total-harmonic-distortion (THD), especially as 

supply voltage scales down. The ENOB is limited by the open-loop source followers (SF) 

buffer nonlinearity, the T/H switch charge injection, the nonlinear switch parasitics, and so on. 

To enhance the linearity, a close-loop configuration is explored where the TI T/H switches are 

placed at the virtual grounds of an array of op-amp based inverting buffers [31]. This ADC 

front-end configuration can be made power efficient by reusing the T/H buffer for residue 
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generation in the hold phase. Because the reconstruction DAC reference and the signal go 

through the same signal path for each time-interleaved channel, there is no gain mismatch or 

calibration problem among different channels. In addition, the linearity requirement of the 

buffer is relaxed by the coarse quantization preceding the residue generation. 

3.2. Virtual-Ground Sampling 

The hierarchical T/Hs typically consist of a source follower (open-loop) buffer or voltage 

follower (close-loop) buffer (shown in Fig. 3.1) and a MOS sampling switch at the input or 

output of the buffer. The linearity is limited by the full-scale voltage swing experienced by the 

sampling switch and buffer at both the input and output nodes. 

Other than raising the voltage headroom using switch gate bootstrapping and/or high-

voltage supply at the risk of over-voltage stress, an alternative is developing a T/H front-end 

based on virtual-ground sampling as shown in Fig. 3.2, where the sampling switch is placed at 

the input virtual ground node of a closed-loop buffer. This sampling architecture offers three 

benefits: (1) Since only the buffer output sees full-scale voltage swing, which can be easily 

accommodated with a high-swing op-amp output stage, the linearity is significantly improved. 

(2) The loop gain is expected to render better linearity for the buffer and T/H switch without 

the need for switch gate bootstrapping that causes reliability concerns, input feedthrough, clock 

feedthrough, excessive switch parasitics (CBS) and transient noise. (3) Ideally, the virtual-

ground switch has minimal overhead comparing with the conventional bootstrapping 

counterpart. (4) The input parallel resistors (Rin), which can function as input impedance 

termination without adding extra thermal noise, isolate the switch kickback noise and nonlinear 
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parasitics from each other and the feedthrough from the input, thus alleviating the total 

harmonic distortion (THD) and BW tradeoff against the sampling rate (fS) or the interleaving 

factor N. The only limitation in this sampling architecture is Op-Amp headroom and its Gain-

bandwidth Product (GBW), which affect the T/H bandwidth for one channel, while relaxes the 

bandwidth limitation of the overall N-way TI T/H front-end. 

 

Fig 3.1, Conventional T/H front-end with close-loop voltage follower buffer 

 

Fig 3.2, Virtual ground sampling based T/H front-end 

3.3. New ADC Architecture 

3.3.1. T/H front-end BW, THD and Power Consumption 
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 The analog input bandwidth of an interleaver depends on the size of the sampling capacitor, 

which is usually sized not much larger than required by the kT/C noise for the target SNDR. 

Furthermore, the analog input bandwidth depends on the input network. For high-speed ADCs, 

the input is often terminated with a 50 Ω resistor to reduce signal reflections. The ADC sees a 

25 Ω resistance from the termination resistor and the input source resistance. A lower resistance 

is beneficial to obtain a higher bandwidth, and could be achieved, e.g., by introducing a buffer 

with a low output impedance or using a resistive divider as termination resistor. The former 

has an inherent bandwidth limit due to the buffer transistors, and the latter reduces the signal 

swing at the ADC. For a given input resistance and capacitor size, the remaining degree of 

freedom is the architecture of the interleaver, specifically, the number of switches in each stage 

and their sizing.  

 The BW and THD analysis and simulations are conducted on the first stage of a typical 

hierarchical T/H interleaver [25], [32-33] and the proposed closed-loop counterpart, captured 

in Fig. 3.3 as case (a) and (b), respectively. Standard 50-ohm source (RS) instead of a T/H 

buffer is assumed to directly drive each interleaver with 50-ohm input termination (Rterm). 

Output buffers driving the following hierarchical stages are included as part of the comparison. 

Based on the simplified equivalent RC models in Fig. 1, the track mode transfer functions Ha(s) 

and Hb(s) from source to the interleaver output for case (a) and (b), respectively, are derived as 

follows: 

              𝐻𝑎(s) =
1/2

(1+𝑠𝑅2𝑎𝐶2𝑎)(1+𝑠𝑅1𝑎𝐶1𝑎)+𝑠𝑅1𝑎𝐶2𝑎
            (3-1) 
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 𝑯𝒃(𝐬) ≈
−𝟏

𝟏+𝒔(𝑹𝒊+𝑹𝟏𝒃+𝑹𝟐𝒃)(𝑪𝒊+𝑪𝟏𝒃+𝑪𝟐𝒃)
×

𝟏

(𝟏+
𝒔

𝟐𝝅𝜷×𝑮𝑩𝑾
)
  (3-2) 

respectively, where it is assumed that the SF unity-gain buffer bandwidth is much higher than 

the preceding T/H stage for case (a); (Ci, C1b)  << C2b, Cf = Cin = C2b, Rf  = Ri + R1b + R2b, 

and feedback factor β = 0.5 for case (b); and Ron = 1/gm, Cg = 2CJ_off for both cases (a) and (b). 

 

(a) 

 

(b) 

 Symbols Definitions 

N The number of interleaved ADC channels 

NC The number of channels concurrently turned on 

CL Loading capacitor for KT/C requirement 

CBS Parasitic capacitance of gate-bootstrapped circuit 

Cg Gate capacitance of sampling switch 

CJ_off Junction capacitance of sampling switch 

Cin Input capacitance of Op-amp 

Cf Feedback capacitance of Op-amp 
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Fig. 3.3. Time-interleaved T/H front-ends (a) the typical case using bootstrapped 

switches and output source follower buffer, (b) the proposed case using virtual-ground 

sampling combined with closed-loop buffer 

 

Fig. 3.4. Estimated BW versus interleaving factor N with different Nc, based on 

equation (3-3), Op-amp GBW = 30 GHz  
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Fig. 3.5. Simulated BW and THD for two cases with same T/H switch size in 28-nm 

CMOS and same load CL, with NC = 2, Op-amp GBW = 30 GHz 

 For a first order BW comparison between case (a) and (b), Ha(s) and Hb(s) are simplified to 

a one (dominant) pole expression, and RonCg products in the expressions are related to the 

transistor transition frequency fT = gm/2πCg as follows: 

             𝑯𝒂(𝐬) ≈
𝟏/𝟐

𝟏+𝒔(𝟐𝟓+
𝟓𝟎

𝑵𝑪
)Ω[𝑵(𝟐𝟎𝒇𝑭+

𝟎.𝟖𝒎𝑺

  𝒑𝒂𝒇𝑻
)+𝑵𝑪×𝟔𝟒𝒇𝑭]

   (3-3) 

    𝑯𝒃(𝐬) ≈
−𝟏

𝟏+𝒔𝟏𝟎𝟎Ω[𝑵
𝟎.𝟖𝒎𝑺

  𝒑𝒃𝒇𝑻
+𝑵𝑪×𝟔𝟒𝒇𝑭]

 (3-4) 

where p is a correction factor of fT taking the parasitic resistors and capacitors into account [25], 

and is found by calculating the ratio of layout parasitics from the wiring of a sampling switch 

to that without wiring. It is assumed that pb ≈ 2pa ≈ 0.9 since case (b) does not have feed-

through issues and avoids the BW reduction by putting differential switches with cross-coupled 

transistors with gates connected to ground for compensation [25]. Also, it is assumed that CBS 

= 20 fF for case (a), and Ron = 50 Ω, fT = 300 GHz, gm/pfT << Cin = CL = 64 fF. The BW of 

close-loop buffer in case (b) is much higher than the preceding T/H stage, which is true when 

N > 4. It is shown in the model estimation in Fig. 3.4 and simulation results in Fig. 3.5 that, as 

N increases, the proposed T/H front-end exceeds the conventional in BW and THD 

performance. 

 In terms of power consumption, it is expected that in case (b) op-amp in a typical two-stage 

topology burns about twice as much static current as a single stage SF given similar CL and gm. 
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However, the net power consumption could be comparable or even less for the following 

reasons: first, the proposed T/H dissipates much lower dynamic power without using gate-

bootstrapped switches; second, power reduction is possible by reusing the closed-loop buffer 

for residue generation as mentioned above; finally, the two-stage op-amp output swing is 2X 

the SF output of case (a) that suffers voltage division by the input impedance termination. 

3.3.2. Top Level Architecture 

 Fig. 3.6 shows the top-level architecture for the 2-GS/s 8b two-step pipelined TI ADC using 

the new virtual-ground sampling technique. The prototype ADC architecture consists of two 

TI channels in a 2b/7b partition with 1b over-range to accommodate the comparator offsets in 

the coarse ADC and timing/BW mismatch between the coarse ADC and the main T/H circuit. 

The coarse flash ADC exhibits good power efficiency at 2b resolutions, compared to the SAR 

ADC, which consumes larger power at the most-significant-bits (MSBs) settling. After 

quantization, the leading 2b binary code directly switches the R-2R ladder of the 2b R-DAC. 

The DAC output is injected into the buffer’s virtual ground instead of directly to the T/H 

capacitor CSA. The T/H buffer sharing has advantages of distortion cancellation and gain 

matching that will be discussed in detail later. The 7-bit fine quantization is implemented with 

two SAR ADCs in a ping-pong operation. Since comparator offset calibration is used for each 

SAR ADC, no residue amplification is needed for each residue generation stage succeeding the 

T/H buffer. 
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Fig. 3.6. ADC architecture featuring virtual-ground sampling 

 To verify the function, 2X interleaving is chosen. Higher order of interleaving can benefit 

more from this structure. First, the bandwidth and linearity are much better for the virtual-

ground sampling structure than the conventional TI counterpart according to (3-3) and (3-4), 

which is verified through simulations in Fig. 3.5. Second, sharing the T/H buffer with reference 

generation can reduce gain mismatches among the interleaved ADC lanes, because the input 

signal and reference pass into the same buffer. On the other hand, small N helps reduce the 

timing skew mismatch [34]. Assuming the skew has a flat probability density function (PDF), 

the resolution of the timing mismatch in unit of seconds can be calculated as: 

𝑴𝒊𝒔𝒎𝒂𝒕𝒄𝒉 𝑹𝒆𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 ≤  𝟐√
𝑵

𝑵−𝟏

𝟐

𝟑𝝎𝟎
𝟐

𝟏

𝟐𝟐(𝑬𝑵𝑶𝑩)
                    (3-5) 

where 𝜔0 is the input angle frequency. In this design, the required timing mismatch resolution 

is less than 2.7 ps. By carefully re-timing the clock that controls a 2-GHz clock sequence 
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(shown in Fig. 3.7) similar to a custom-designed divider in [35], the problem of timing errors 

is substantially mitigated. Symmetrical layout of both clock and input signal can minimize 

systematic mismatch, thus avoiding timing error calibration in the case of the two-way T/H as 

in this design. Monte Carlo simulation performed on this new T/H structure shows a standard 

deviation of ~270fs, well tolerable for the resolution requirement. 

3.3.3. Operation Sequences 

 Fig. 3.7 illustrates the timing sequence of time-interleaving and pipelining operations for the 

ADC in this work. A full-rate 2-GHz clock is divided by 2 to generate clocks ΦA1 and ΦB1 of 

250 ps with a 25% duty cycle. Within 1-ns conversion cycle dedicated to each channel (e.g., 

channel A), the first 250 ps is devoted to the tracking mode. As ΦA1 turns on the virtual-ground 

switch, the input signal is buffered to CSA. As ΦA1e turns off the reset switch of the succeeding 

OTA around 15 ps earlier than ΦA1 (D1 in Fig. 3b), 
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Fig. 3.7. Timing sequence (D1=15ps, D2=150-200ps, S=0.5ns and C=1.5ns) 

the buffered signal is sampled on CSA. Upon the bottom-plate sampling, ΦA1e turns off the input 

virtual-ground switch, the 2b coarse sub-ADC starts digitization at the rising edge of ΦA1_ADC, 

the feedback path is opened by turning off ΦfA, and the virtual ground XA is reset. After a 150-

200ps programmable delay (D2 in Fig. 3b), the feedback is turned on by ΦfA before ΦA1_DAC to 

avoid output clipping. In 500 ps when the coarse binary output bits are ready, ΦA1_DAC turns on 

R-DAC output switch to inject the DAC current into the virtual ground while the residue voltage 

VresA is generated at OTA’s output. At the same time, the residue is sampled and settled by one 

of the two SAR sub ADCs before ΦA1_DAC turns off. The DAC settling clocks (Φ1_DAC) are 

divided by 2 to generate the sampling clocks of asynchronous SAR ADCs (Φ2,1 and Φ2,2) with 
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25% of duty cycle. At this moment, the front-end T/H starts repeating the input tracking while 

the SAR ADC starts the quantization, which takes 1.5 ns to resolve the fine 7b output. Channel 

B starts tracking the input signal at the moment of channel A’s residue generation. 

3.3.4. Distortion Cancellation 

  The new virtual-ground sampling based front-end is inherently better in linearity due to the 

closed-loop configuration. The linearity is further enhanced by sharing the closed-loop amplifier 

for both input and DAC buffering as shown in Fig. 3.6. Since the DAC output is close to the 

input sample, the distortion error is cancelled substantially when the difference is taken during 

the residue generation, intuitively described in Fig. 3.8(a). Obviously, the cancellation is more 

effective with smaller residue or larger coarse resolution, and if the buffer experiences similar 

nonlinearity processes between the input tracking and the DAC buffering phases. Ideally in the 

extreme case when the input signal is equal to the DAC output, the distortion is completely 

cancelled, as shown in Fig. 3.8(b). However, in the tracking phase, the buffer sees a continuous-

time signal, while in the residue generation phase, it settles to the DAC output voltage. Such 

different operation processes introduce nonlinearity mismatch. To minimize such distortion 

mismatch between the two phases, the closed-loop buffer 3-dB bandwidth is set to be multiple 

times (~4×) of the input bandwidth and a 500 ps (2× of tracking time) is assigned for the residue 

and R-2R DAC to be able to settle completely. Fig. 3.9 shows simulated distortion of the 

designed T/H buffer with R-2R DAC vs. input frequency, with ideal coarse ADCs and fine SAR 

ADCs. It demonstrates that, with the above design excise, the harmonic distortions within the 

Nyquist input range can be maintained low. 
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(a) (b) 

Fig. 3.8. Distortion Analysis with (a) general case when Vres > 0, (b) extreme case when 

Vres = 0 

 

Fig. 3.9. Simulated 3rd and 5th harmonic distortions versus input frequency 
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3.4. Circuit Building Blocks 

3.4.1. T/H Buffer 

Fig. 3.10 depicts a fully-differential Op-Amp in folded-cascade topology used in this 

design that also utilizes the T/H buffer sharing technique for relaxation of the Op-Amp DC 

gain requirement. Compared to a pseudo-differential counterpart, a fully-differential topology 

provides better PSRR and CMRR performance, which can significantly mitigate the impact of 

noise injected from supply and common-mode generator. A small Miller capacitor and resistor 

for M3 provide the amplifier with sufficient phase margin. The open-loop Op-Amp achieves 

48-dB DC gain and 7.9-GHz GBW in the 28-nm CMOS. The PMOS input transistors can 

accommodate an input common mode (virtual ground) voltage as low as 0.3V to ensure enough 

voltage headroom for the virtual-ground switches. In addition, the current sources in 

combination with a DAC serve to calibrate out the offsets of the input differential pair. The 

total input-referred noise voltage is around ~440µVrms, i.e., ~58dB SNR. 

 

Fig. 3.10. A fully differential Op-Amp T/H buffer topology used in this design, with 

offset calibration 
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3.4.2. Coarse ADC and R-DAC 

Fig. 3.11 depicts the coarse 2b flash ADC used which includes a 2-KΩ reference resistor 

string, three comparators, a sampling capacitor of 16 fF at the input of each comparator, and a 

thermo-to-binary encoder. The comparators of coarse ADC use strong-arm based dynamic 

structures without pre-amplifier, as shown in Fig. 3.12. Both differential reset switches and 

pull-up switches are employed to increase the reset speed. In the adopted 28-nm technology, 

the time constant τcp is designed to be ~7ps, i.e., the regeneration time τcp_reg is almost 20τcp to 

resolve the first 2b flash ADC and the probability of error is lower to <10−12. The use of small 

transistors minimizes the parasitic effects, kickback noise and power consumption, which 

contributes to larger input-referred offsets. By adjusting the capacitive load at the drain nodes 

of the input differential pair [36], the comparator offsets are effectively corrected. After the 

coarse quantization, the flash decision is converted to binary code and stored in the latches 

whose outputs are gated by R-DAC Enable. As shown in Fig. 3.13, the 2b binary outputs 

directly control the R-2R DAC; all the DAC switches are connected to either the virtual ground 

or a common-mode voltage at the same voltage level as the virtual ground to maintain the R/2R 

ratio with the switch on-state resistance included. This also helps matching the gains between 

input tracking and residue generation phases. Ultra-low-threshold-voltage-transistors (µlvt) are 

used in this design to minimize the impact of switch on-resistance. 
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Fig. 3.11. 2b coarse flash ADC 

 

Fig. 3.12. Coarse ADC dynamic comparator schematics 

 

Fig. 3.13. R-2R DAC 
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3.4.3. Fine SAR ADC and Comparator 

Fig. 3.14 shows the simplified single-ended diagram of the fully differential sub-ranging 

SAR ADC used. The fine ADC employs top-plate sampling to avoid signal attenuation at 

comparator input, thus minimizing the degradation of SNR referred to SAR ADC input. In 

addition, top-plate sampling saves the settling time for the fine DAC references because the 

comparator can start comparison immediately after the residue sampling phase. This feature 

not only reduces the conversion time, but also avoids high voltage requirements at the 

comparator input [35]. The SAR ADC uses external references with on-chip decoupling 

capacitors. With programmable attenuation capacitors (Catt in Fig. 3.14), the reference voltage 

is adjusted to align with the full swing of the residue voltage. The comparator (Fig. 3.15) uses 

a double-tail latch topology [37] with an integrator (M1P/M1N) followed by three parallel 

differential pairs (M2aP/M2aN, M2bP/M2bN, M3bP/M3bN) and a regenerative latch to 

accommodate the 1V low supply voltage. The latch reset differential pairs help to minimize 

the regeneration time by minimizing the device capacitances. In addition, cross-coupled 

PMOS-switches (M3P/M3N) are used at the output node to boost the regeneration and avoid 

the glitches. 

 

Fig. 3.14. 7b fine SAR ADC 
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Fig. 3.15. SAR comparator and glitch filter 

3.5. Measurements and Discussions 

The 2GS/s 8b ADC, as a proof-of-concept prototype for the new high-speed TI ADC 

architecture utilizing the virtual-ground sampling concept, was designed and fabricated in 

foundry 28-nm CMOS. Fig. 3.16 shows a die photo for the fabricated ADC having an active 

area of 210µm × 380µm. A 200-pF on-chip decoupling capacitor of ~0.12 mm2 is used for the 

ADC reference supplies that are provided externally. The Op-Amps are powered at 1.4V, while 

the rest of the ADC uses 1.0V supplies. The measured total power consumption is 25.7 mW 

where the analog power (including T/H buffers, residue generators, and R-2R DACs) is 21.1 

mW and the digital power (including clock generator, digital logic and comparators) is 4.6 mW. 

The power consumption of T/H buffers is 12.6 mW, nearly half of the whole ADC power 

consumption. Fig. 3.17 shows the measured DNL and INL. Fig. 3.18 is the measured ADC 

output FFT spectrum showing a 7.29b ENOB achieved for input signal of 62MHz at 2GS/s and 

Fig. 3.19 is the measured ADC output FFT spectrum showing a 7b ENOB achieved for input 

signals up to 900MHz at 2GS/s, respectively. No channel mismatch spectral signatures are 
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observed above the noise level, though the signal image around fS/2 apparently grows with the 

signal frequency, indicating a timing mismatch between the two channels. The SNDR and 

SFDR are dominated by HD3, especially at high frequencies. As suggested by simulation 

shown in Fig. 3.9, HD3 and HD5 are effectively suppressed through the closed-loop 

configuration. The measured HD3 is limited by imperfections of the virtual ground of T/H 

buffer and the input path virtual-ground switch that can be alleviated by enlarging the switch 

sizes or further lowering the virtual ground voltage, which is being implemented in our ongoing 

new design.  The HD2 may be attributed to the phase imbalance of the balun and asymmetry 

of the PCB traces and bonding wires. The simulated SNR is ~48 dB at low input frequency 

while ~46.5 dB at high input frequency, implying that SAR comparators do not contribute 

much noise. Fig. 3.20 and Fig. 3.21 shows measured SNDR and SFDR versus input frequency 

at 2 GS/s, indicating a SNDR ~42.9 dB and a SFDR ~54.88 dB achieved. These results 

demonstrate that the linearity improvement by the new virtual-ground sampling based ADC 

architecture is effective across the entire Nyquist band. Table I summarizes the key measured 

specs for the prototype ADC, showing a favorable comparison over the relevant 8-9b ADCs 

recently reported. 
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Fig. 3.16. 2GS/s 8b ADC Die Photo  

 

(a) 

 

(b) 

Fig. 3.17. ADC (a) DNL and (b) INL  
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Fig. 3.18. ADC output spectrum measured at fS = 2 GS/s and fin = 62 MHz 

 

Fig. 3.19. ADC output spectrum measured at fS = 2 GS/s and fin = 900 MHz 
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Fig. 3.20. Measured SNDR and SFDR versus input frequency for the ADC at 2 GS/s 

sampling rate 

 

Fig. 3.21. Measured SNDR and SFDR versus sampling frequency for the ADC with 

input signal of 62 MHz 
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References [29] [30] [38] [39] This Work 

Architecture 

TI 

SAR 

TI 

SAR 

TI Pipelined 

Sub-ranging 

SAR 

TI 

Pipelined 

Technology(nm) 40 40 45 SOI 28 28 

Speed(GS/s) 2 2.64 2 0.75 2 

Resolution(bit) 8 8 9 8 8 

Supply(V) 1.0 1.0 1.0 1.0 1.0/1.4 

SFDRNyquist(dB) 55 NA 56 57.5 54.9 

SNDRNyquist(dB) 39.4 38 44 45.2 43 

Power (mW) *54.2 *39 45 4.5 13.1 (*25.7) 

Area (mm2) 0.54 0.18 0.22 0.004 0.08 

FOM (fJ/conv-step) *355 *230 167 41 

54.8 

(*107.6) 

Include Buffer Yes Yes No No Yes 

                             *Includes Buffer Power 

Table 3.1. Performance comparison of relevant ADCs reported 
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CHAPTER 4 

 

An 8.8-GS/s 8b Time-Interleaved SAR ADC with 50-dB SFDR 

Using Complementary Dual-Loop-Assisted Buffers in 28-nm 

CMOS 

 

This chapter will propose an 8.8 GS/s 16-way time-interleaved asynchronous SAR ADC 

fabricated in 28-nm CMOS technology. A two-level 2×8 master-slave hierarchical interleaved 

architecture is employed. A complementary dual-loop-assisted buffer is proposed to achieve both 

high linearity and bandwidth with low power [40]. 

4.1. Introduction 

With technology scaling, high speed (multi-GS/s) analog-to-digital converters (ADC) 

followed by digital signal processing (DSP) offer benefits to both modern wireline data 

receivers and next generation RF wireless receivers. Highly time-interleaved (TI) SAR ADCs 

can boost the conversion rate up to ~8GS/s and the resolution up to 8 bits [26] [41-42] with 

improved power efficiency and simpler topology over its TI pipelined counterpart [43] when 

implemented in deep-scaled CMOS. However, in addition to extra area, more complex 

clocking and routing networks, massive interleaving structures not only increase input load that 

limits the signal bandwidth, but also incur various issues including offset, gain and timing 

mismatches. Consequently, complex calibrations [43] were required thus increasing system 

design complexity, massive routing, clocking, and total chip area. To achieve sufficient 
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bandwidth, track-and-hold (T&H) buffers are usually employed before and/or after the 

sampling switches in TI ADCs. Source follower (SF) architecture is widely used due to its good 

driving capability with low output impedance. However, its linearity suffers from the input 

gate- and drain-source dependent nonlinearity with constant biasing, and the bandwidth and 

settling speed degrade due to large loading parasitic capacitances. Several techniques are 

adopted to improve the bandwidth or linearity, such as bootstrapped SF [10], cascade SF and 

class-AB operation [41]. For example, [41] achieved a measured SFDR of 41 dB at Nyquist 

input by applying the above techniques. However, its gain degrades significantly with the 

cascade stage and the signal swing is limited by the large number of stacking transistors at the 

output. 

  To address these problems, a design of an 8b 8.8-GS/s two-level TI master-slave SAR 

architecture is reported with three features: First, SF buffers with complementary dual-loop-

assisted (CDLA) technique are introduced to improve the linearity, bandwidth, and settling 

speed. Second, it is 16-way TI in a 2×8 hierarchical structure, which increases the SAR sub-

ADC clocking period and relaxes the requirement of settling-related linearity as well as 

comparator metastability burden. Third, the T&H employs a master-slave topology to reduce 

the critical timing instant and clock skew calibration complexity. Each of the two master T&Hs 

followed by the customized buffers is shared between 8 SAR sub-ADCs to increase the 

bandwidth and reduce front-end loading and related dynamic nonlinearities. The measured 

results show that this architecture consumes 83.4 mW including all buffers and achieves SFDR 

better than 50 dB up to Nyquist frequency with a 140-fJ/conv.-step Walden FOM. 
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(a) 

 

(b) 

Fig. 4.1. (a) Two-step master-slave architecture [25] and (b) Tradeoff simulation 

between settling and input bandwidth 

4.2. ADC Architecture and Front-end 

4.2.1. 2×8 Time-Interleaved Architecture Derivation 
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For a single-channel SAR ADC, a lower speed leads to a larger interleaving number and 

thus increases the loading for the master T&H stage. On the other hand, a higher speed also 

causes large power consumption while providing no benefit to reduce the loading of the front-

end buffers. Therefore, a master-slave hierarchical TI ADC architecture is selected in this 

design, as described in Chapter 2, shown in Fig. 4.1(a). By comprehensively consideration and 

PVT simulations of the energy efficiency of the T&H buffer and SAR sub-ADCs with the 

target 8b resolution, a 550-MHz clock is specified in this 28-nm prototype design, resulting in 

a 16× TI architecture for the targeted >8-GS/s sampling speed. Fig. 4.1(b) shows the tradeoff 

of input bandwidth versus the settling time of the T&H buffer and sampling switch in various 

number of the master TI channels. A single-level 16× TI T&H limits input bandwidth due to 

the parasitic capacitances of massive routing and switch transistors. On the other hand, 1×16 

two-step TI architecture suffers from a stringent settling requirement, i.e., ~10 ps of time 

constant (τ) of T&H buffer and switch for the targeted resolution. Additionally, the large 

interleaving number of the first stage T&H leads to more critical time instants and sophisticated 

time-skew calibrations, which incurs bandwidth mismatches and occupies large chip area. 

Therefore, a 2×8 two-level TI master-slave architecture is adopted in this design. 

4.2.2. Top Level Architecture View and Operation Sequences 

Fig. 4.2 shows the block diagram of the proposed 2×8 hierarchical TI SAR ADC, in which 

two interleaved channels are implemented for its first stage, where the input signal is buffered 

by b0 and then sampled and held by using a two-phase 4.4-GHz master sampling clocks 

generated from the CMOS divider. The sampled signal is then delivered to the buffer b1/b2 
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followed by the second stage sub ADCs. The second stage is an eight-way time interleaver, 

where each of the passively sampled signals by the 4.4-GHz clock is further sampled and held 

using eight-phase sampling pulses and converted into digital codes with eight instances of 550-

MHz SAR sub-ADCs. The digitized data stream is then retimed with a common clock and 

delivered to the decimator for measurement purposes. As this design targets 8b resolution, 

clock bootstrapping circuit is avoided, thus further alleviates the input parasitic capacitance 

and timing skew, and saves power. By setting a proper size and overdrive voltage range of the 

sampling switches driven by ΦA, the achievable sampling bandwidth of this design is higher 

than 15 GHz, ~3.4× of the Nyquist input frequency to compensate for the bandwidth mismatch 

among the 16-way TI SAR ADCs. The buffer b0 driving the master T&H provides a more 

constant input impedance for better matching with the 50Ω PCB traces and reduces signal-

dependent kickback. The buffers b1 and b2 are used to isolate the T&H switch and large 

parasitic capacitance of sub-ADCs to increase bandwidth. In addition, timing skew only exists 

between the two master T&Hs. By minimizing systematic mismatches with symmetrical layout, 

only device mismatch-related timing skew matters, and the calibration requirement can be 

significantly relaxed. 

The timing diagram in Fig. 4.3 shows the relationship between the master and slave T&Hs. 

A full-rate 8.8-GHz clock is divided by 2 to generate master clocks ΦA1 and ΦA2. Each of the 

sampling pulses has a duty cycle of approximately 40% (~90ps) that ensures no overlap 

between ΦA1 and ΦA2 to avoid charge sharing. After the master T&H enters into its hold mode, 

one of the eight slave T&Hs tracks the sampled signal followed by b1/b2, running at 550 MS/s. 
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Each ΦB clock has 6.25% duty cycle (~113 ps) to minimize the loading of the master T&H 

because b1/b2 can only support one SAR ADC at each instant, and this gives ~1.7ns for the 

sub-ADC. The master clock ΦA resumes its tracking mode after the slave clock ΦB turns off to 

avoid the case that the previously sampled data is mixed with the current data which 

significantly increases signal distortion. In addition, ΦA turns off before the SAR sub-ADC’s 

sampling clock ΦB turns on to avoid charge-redistribution caused by the non-linear parasitic 

capacitance between the input and output of the buffers b1/b2. 

 

Fig. 4.2. Proposed 2×8 master-slave TI ADC block diagram 
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Fig. 4.3. ADC timing sequence 

4.2.3. Master-slave Track-and-Hold with proposed T&H Buffers 

The conventional pseudo-differential PMOS source follower (SF), shown in Figure 4.4, is 

a well-known and widely used voltage buffer in an open-loop track-and-hold amplifier (THA), 

that effectively drives the following pre-amp stage with its highly linear characteristic and level 

shifting property. The drawbacks of a SF are gain deterioration (about 0.8 to 0.9) and output 

swing compression due to short channel effects. These drawbacks will in turn result in a small 

ADC full scale, and excessive power dissipation by the converter to achieve the desired 

accuracy. Methods to mitigate the output swing compression effect include the use of cascode 

bias currents and long-channel length devices. However, doing so will demand a large 

headroom and cause speed penalty respectively. 

When the SF has a large step input, slew rate may limit its settling speed which is 

proportional to ID/CL. In order to speed up the SF, DC power consumption has to be linearly 
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scaled up. Several buffer designs [10], [41], [44] have been presented to overcome the 

aforementioned design issues. Some use a bootstrapped stage to fix the drain-source voltage of 

the current source transistor and therefore remove the distortion; while others dynamically 

adjust the bias voltage by sensing and feeding back the AC current that flows in the SF. These 

approaches improve the buffer linearity, but they complicate the circuit structure and cause 

headroom and settling problems. 

Fig. 4.5 depicts the T&H architecture with the schematic of buffers. The basic structure of 

the buffers is the SF, with PMOS input for b0 and NMOS input for b1/b2 for common mode 

consideration. To improve its linearity, bandwidth, and settling speed, a complementary dual-

loop-assisted (CDLA) technique is introduced and applied for b0 and b1/b2. For example, the 

buffer b0 utilizes a current-feedback loop by sensing the AC current (i1) that flows through the 

SF transistors (M1/M2) and dynamically adjusts the bias current (i2); consequently, the 

required current of SF transistors is significantly reduced while still being able to provide 

sufficient current (i1+i2) to the sampling capacitors, especially at high frequencies. Fig. 4.6 

depicts the simulated AC current between the proposed buffers with dual-loop current feedback 

and conventional SF with constant biasing under the same power consumption. It can be seen 

that the current feedback provides more output current, thus significantly widens the bandwidth 

of the buffer. The current feedback loop not only alleviates the distortion caused by variation 

of VGS and VDS of M1, but also improves the settling speed by increasing the slew rate because 

the bias current can be entirely directed to the drain of diode-connected transistors M4. In 

addition to CDLA, other techniques are also adopted to further improve the SF’s linearity, 
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bandwidth, and gain. First, an additional SF (M2) is employed to bootstrap the drain-source 

voltage of M1 [10]. The drain of M1 tracks the input signal with assistance of M2, and this 

significantly reduces the effective nonlinear Cgd by ~80% which is usually the dominant input 

capacitance for the conventional SF. Second, the triple-well ultra-low-threshold-voltage 

(µLVT) transistors are selected for M1 and M2 where their bodies are tied to the SFs’ output 

to eliminate the body effect, thus further improving the SFs’ linearity. Similar techniques have 

been applied to b1/b2 for high bandwidth and linearity as well. In addition, low-threshold-

voltage (LVT) transistor M5 is applied in b0 to create a negative gds to improve gain linearity 

by ~3 dB with push-pull operation.  

The master switch employs a PMOS transistor clocked at 4.4 GHz with a cross-coupled 

pair to cancel the signal feedthrough. The input parasitic capacitances (CF1 and CF2) of b1/b2 

are sufficient to meet the sampling KT/C noise requirement. The settling time requirement can 

be easily satisfied with the proposed buffers and proper switches sizing in the 28-nm CMOS 

technology.  

To illustrate the efficiency of the proposed buffer and sampling front-end, Fig. 4.7 depicts 

the simulated THD of the buffer b0 (node A) and the overall front-end T&H (node B) as a 

function of the input frequency at a conversion rate of 4.4 GS/s. The THD remains below -65 

dB for b0 and -52 dB for overall T&H for input frequency ≤ 5.5 GHz, which is ~10 dB lower 

than conventional SF buffers with same amounts of power. Simulations shown in Fig. 4.8 show 

the voltage gain of the proposed T&H is ≥ -0.5 dB for input frequency up to 7 GHz and the 
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bandwidth is larger than 15 GHz with input swing of 600 mVPP. The total current of b0 and 

b1/b2 are ~8 mA and ~12 mA, respectively. 

 

Fig. 4.4. Conventional Source Follower Buffer 

 

Fig. 4.5. Proposed Complimentary Dual-Loop Assisted Buffer 
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Fig. 4.6. Simulated output AC current of front-end S/Hs with proposed and 

conventional SF buffers with similar power 

 

Fig. 4.7. Simulated THD of front-end S/Hs with proposed and conventional SF buffers 

with similar power 
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Fig. 4.8. Voltage gain of front-end S/Hs with proposed and conventional SF buffers with 

similar power 

4.3. Circuits Building Blocks 

4.3.1. High Speed Clock Generation 

To avoid phase mismatch of the cable and PCB traces, single-ended 8.8-GHz clock is 

generated externally and terminated near the center of the chip, and then converted to 

differential signal and divided to two 4.4-GHz evenly- spaced clocks (ΦA1/ΦA2) in Fig. 4.9. In 

the case of the two-way TI master T&H as in this design, symmetrical layout can remove 

systematic mismatch. External foreground time-skew calibration is employed to reduce the 

random timing error between clock paths of the two master T&Hs. Delay lines with digitally 

controlled MOS capacitor banks are employed in the two-phase distribution network to 

calibrate the timing skew between the two critical sampling phases. Assuming the skew has a 

flat probability density function (PDF), the resolution of the timing mismatch in unit of seconds 



 

 
 

57 

 

can be calculated as [45], which is approximately 250 fs to meet 7b ENOB, and the calibration 

range is ±3 ps for 3-sigma requirement. 

To stabilize the delay values under different temperature or power supply variations, 

constant current inverters are applied to drive the variable capacitance. Offset and gain errors 

are calibrated by using conventional foreground calibration with DC input references. The 

eight-phase clock is locally divided down into subsections of 550 MHz each via a ring counter, 

where the output and the master ΦA together pass a NOR logic gate to generate the non-

overlapping pulses (ΦB) shown in Fig. 4.3. 

 

Fig. 4.9. High speed clock generation with timing skew adjustment cell and 8-phase non-

overlap clock divider 
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4.3.2. SAR sub-ADC 

The SAR sub-ADC uses an asynchronous architecture (Fig. 4.10), which achieves better 

power/speed performance compared with its synchronous counterparts and does not require 

multiple phase-matched SAR sub-ADC clocks to be distributed. A 550-MHz sampling speed 

is adopted for unit SAR sub-ADC’s clock in this design. To further improve efficiency, the 

SAR ADC uses two CDACs (split-capacitor DACs). Also sub-radix [26] technique is utilized 

to provide over-range protection to deal with capacitor mismatch and insufficient settling at 

the expense of one more conversion cycle, as shown in Fig. 4.10. 

 

Fig. 4.10. Split-cap asynchronous SAR sub-ADC with redundancy 
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4.4. Layout, Measurements and Discussions 

4.4.1. Layout 

For a high speed ADC to achieve optimum performances, layout techniques are critical. 

The layout strategies are presented sequentially with the design flow, which supports fast 

design iterations. 

The core layout design is shown in Fig. 4.11. The signal inputs and clocks are provided 

from the bottom and top respectively; analog bias voltages or currents come from the left, while 

high speed digital data goes out on the right to eliminate coupling effects. The two TI channels 

are mirrored with respect to the input signal wires. The high speed clock generator and T/H 

front-end are located at the chip center. The conversion blocks are situated sequentially with 

the signal processing flow, in order to shorten their routing distance, and hence, delay. Clock 

generation and output buffers are placed away from the analog cores to suppress the substrate 

noise coupling. 

The design guidelines are summarized below. 

For Analog Matching, 

• Make the matching elements have the same orientation. 

• Place the matching elements close together, use “common-centroid” or interdigitated” 

placement. 

• Add dummy elements to improve symmetry, as shown in Fig. 4.12. 

• Flip the signal polarity of consecutive differential pairs to average the offsets due to gradient. 

• Avoid routing metal over a matching pair. 
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• Put matching poly resistors and metal capacitors on an N-well to suppress the substrate 

coupling. 

• If metal layers cannot meet the density rule, insert dummies manually with same geometric 

placements. 

 

Fig. 4.11. Core Layout Overview 
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Fig. 4.12. Dummies in grey to improve symmetry 

For Bias Distribution, distributing bias in current domain is better than in voltage domain 

since voltages drop along the ground/supply lines. The idea is to rout the reference current to 

the amplifier vicinity and perform the current mirror operation locally. However, routing all 

the bias currents with low resistance wires cost a large area, which complicates the critical 

signals routing. Hence, grouping certain pre-amps and biasing them locally in voltage domain 

is a tradeoff solution. 

For Clock Distribution, 

• Run clocks and critical signals perpendicularly to eliminate crosstalk. 

• Use multiple metal layers with via arrays to rout clocks in order to reduce their series 

resistance. 

• Use a tree structure to balance the delay of each tap, as shown in Fig. 4.13. 

 

Fig. 4.13. A clock distribution 
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For Guard Rings, in a mixed-signal environment, thousands of digital gates may introduce 

disturbance in the substrate voltage, especially during digital logic transitions. The disturbance 

would further corrupt the amplifiers biasing, and hence, their precision. In order to minimize 

the effect of substrate noise, the following methods can be applied: 

• Use differential signaling. 

• Distribute digital signals and blocks in complementary form, thereby reducing the net current 

variation. 

• Shorten the bond wires connected to the substrate. 

• Increase the space between the sensitive analog blocks and digital blocks.  However, this 

remedy may not be effective, if the substrate operates as a low impedance plane, in which 

voltage ripples can distribute uniformly regardless of the distance from the noise source.  

• Guard rings can be employed to isolate the sensitive circuits from a noisy section. However, 

how to layout and tie the guard rings is controversial. 

4.4.2. Measurement and Discussions 

The 8.8-GS/s 8b ADC, as a prototype for the new 2×8 high-speed master-slave TI ADC 

architecture, is designed and fabricated in TSMC 28-nm 1P7M CMOS process. Fig. 4.14 shows 

its die photo for the fabricated ADC having a core area of 400µm × 320µm. A ~300 pF on-

chip decoupling capacitor of ~0.18 mm2 is used for the ADC reference supplies that are 

provided externally. The buffer b0 is powered at 1.5 V, which is for the purpose of 
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measurement and integration with analog front-end of the receiver like wireline data link, while 

the rest of the ADC uses 1.0 V supplies.  

The measured total power consumption is 85.4 mW, where the power of input buffer b0 is 

15.1 mW, the analog power with 1V supply (including T/H buffer b1/b2, SAR sub-ADCs) is 

60.7 mW and high speed clock generator power is 9.6 mW. Fig. 4.15 is the measured ADC 

output FFT spectrum showing a 6.5b ENOB achieved for input signals up to 141.2 MHz at 8.8 

GS/s sampling speed while Fig. 4.16 is the measured ADC output FFT spectrum showing a 6b 

ENOB achieved for input signals up to 4.26 GHz at 8.8 GS/s sampling speed. No channel 

mismatch spectral signatures are observed above the noise level, though the signal image 

around fs/2 apparently grows with the signal frequency. The SFDR is dominated by HD2 at 

high frequencies, which may be attributed to the phase imbalance of the balun and asymmetry 

of the PCB traces and bonding wires. Fig. 4.17 and Fig. 4.18 show the measured SNDR and 

SFDR versus sampling rate for input frequency of 141.2 MHz and versus input frequency at 

8.8 GS/s sampling rate, indicating a peak SNDR = 41.14 dB and SFDR = 52.35 dB achieved. 

Table I summarizes the key measured performance parameters for the prototype ADC, showing 

a favorable comparison over recently reported 6-8b >4GS/s ADCs. 
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Fig. 4.14. A die photo for the designed 8.8-GS/s 8b ADC  

 

Fig. 4.15. Measured ADC spectrum at 8.8 GS/s with fin = 141.2 MHz 
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Fig. 4.16. Measured ADC spectrum at 8.8 GS/s with fin = 4.258 GHz 

 

Fig. 4.17. Measured SNDR/SFDR versus sampling rate for fin = 141.2 MHz 
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Fig. 4.18. Measured SNDR/SFDR versus input frequency for fS = 8.8 GHz 

 [11] CICC’17 [42] VLSI’13 [43] CICC’13 This Work 

Architecture SAR SAR Pipelined SAR 

Technology 28nm 32nm SOI 65nm 28nm 

Sample Rate (GS/s) 28 8.8 4 8.8 

Supply (V) 0.95 1.0 1.2/1.4 1.0/1.5 

SFDR at Nyquist 

(dB) 

41.8 48.76 NA 50 

SNDR at Nyquist 

(dB) 

32.69 36.98 44.4 38.4 

Power (mW) *165 35 120 *83.4 

Area (mm2) *0.24 0.025 1.35 *0.074 

FOM (fJ/step) *140 71 219 *140 

*includes input buffers  

Table 4.1. Performance comparison of reported 6-8b >4GS/s ADCs 
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4.5. Performance Summary 

The results are summarized in Table 4.2. Compared with the state-of-the-art of high-speed 

and medium-resolution converters [11, 42, 43], as shown in Table 4.3, this design achieves the 

best FOM and most compact area from a master-slave ADC and cost-effective manufacturing. 

 

ADC Specification This Work 

Architecture TI SAR 

Technology 28-nm CMOS HPC 

Sample Rate (GS/s) 8.8 

Max DNL/INL (LSB) 1.1/1.3  

Single Channel SNDR at Nyquist 

(@0.55GS/s) 

43.1dB to 100MHz input 

41.2dB to 500MHz input 

39.8dB to 2GHz input 

Supply (V) 1.0/1.5 

SFDR at Nyquist (dB) 50 

SNDR at Nyquist (dB) 38.4 

Power (mW) *83.4 

Area (mm2) *0.074 

FOM (fJ/step) *140 

Table 4.2. Performance Summary of the prototype ADC 
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CHAPTER 5 

 

Conclusion 

This dissertation focused on high-speed time-interleaved A/D converters designed in 

advanced CMOS processes for pulse radar system and next generation ADC-based data link 

receiver applications. Specifically, this research focused on solving the design challenges of 

track-and-hold front-end and proposed two efficient techniques and successfully demonstrated 

them in two prototype ADCs. 

First, we overviewed the time-interleaved Track and Hold architecture. Mismatch between 

channels, like differences in offset, gain and timing, degrade the performance. Three T&H 

architectures were discussed, one with a frontend sampler, another without and the third with 

hierarchical sampler with additional switches to decrease the capacitance after the frontend 

sampler. Then we introduced T/H buffer and its typical architectures, advantages and 

limitations. 

Second, we report a time-interleaved two-step ADC architecture built upon a new concept 

of virtual-ground sampling and using merged front-end T/H with residue generation, input 

termination and buffering, aimed to push ENOB of time-interleaved ADCs from a current 5~6b 

range to 7~9b level without degrading conversion rates. The new ADC architecture is validated 

using a 2-GS/s 8b ADC fabricated in foundry 28-nm CMOS, achieving 43-dB SNDR and 55-

dB SFDR up to Nyquist frequency. 
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Finally, we present design and implementation of a two-level TI master-slave SAR ADC 

prototype with CDLA T&H buffers for high bandwidth and linearity. This prototype is 

validated using an 8.8-GS/s 8b ADC fabricated in a foundry 28-nm CMOS, achieving 38.4-dB 

SNDR and 50-dB SFDR up to the Nyquist frequency. The measured results demonstrate that 

this architecture achieves superior power- and area- efficiency compared with reported state-

of-the-art recent designs. 
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