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Multi-Gigahertz sampling rate Analog-to-Digital Converters (ADC) with 5-8 bits 

resolution are used in many signal communication applications. Unfortunately, the 

performance of the high speed ADC is limited by the timing accuracy of the sampling 

clock. A small sampling uncertainty can cause a large error in the sampled voltage and 

result in harmonic distortions at the output. For different architectures of the T/H 

circuits, the timing error can arise from the clock random jitter or the phase skew 

among multi-phase clocks. 

For the ADC with global T/H circuits in front-end, an architecture with sine-wave 

sampling clock will be introduced that exhibits less random aperture jitter. First, the 

signal-dependent sampling error will be analyzed, and the comparison of the 

calculated and simulated results will be presented. Second, using the signal-to-

distortion-ratio (SDR) simulations of a high speed NMOS T/H circuits with varying 

transition times of the sampling clock, we can compare the effects of the signal-

dependent nonlinearity with other non-ideal effects. Based on the above analysis, a 

new architecture for multi-gigahertz sampling rate ADC using sine wave sampling 

will be introduced. 

 



 

For the ADC with time-interleaved T/Hs, a histogram based phase detector will 

be introduced to detect and calibrate the static timing error among the multi-channels. 

First, different timing error sources in high speed time-interleaved T/H will be 

analyzed. Second, a histogram based timing error detector will be proposed which not 

only cancels the skew in the multi-phase clocks but also the mismatch among different 

interleaved channels of the T/H circuits. An 8-channel 10GS/s T/H with timing error 

calibration has been implemented using IBM 90nm CMOS process. The static timing 

error before and after timing calibration will be presented from the measurement 

results. 
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Chapter 1 Instruction 

High speed analog-to-digital (ADC) converters are used in many signal 

communication and processing applications, as shown in Table 1-1. In UWB system, 

high speed ADC is a critical block to cover the wide-band signal [1]-[4], [8]. In 

SerDes receiver, multi-gigahertz ADC is used for digital equalization [5] or to realize 

multi-level links [6]. An ADC with 6-bit resolution and larger than 1GHz sampling 

rate is required in hard-disk read channel [7], [8], [9]. In [10] and [11] an 8-bit high 

speed ADC is used for digital oscilloscopes. And in wireless system the ADC is 

moved closer to antenna to realize software-radio system for digital TV [13] and 

WPAN (wireless personal area network) standard [14].  

 

Table 1-1 Multi-Gigahertz ADC in different applications 

 
 Bits  Fs(GHz) Power(mW) Application 

 
C. Sandner [1] 6 1.2 160 UWB 
S. Park [2] 5 3.5 227 UWB 
S. Park [3] 4 4 620 UWB 
P. Nuzzo [4] 4 1 10.6 UWB 
M. Harwood [5] 4.5 12.5  Serial links  
W. Ellersick [6] 4 8  Serial links 
M. Choi [7] 6 1.3 545 Hard-disk read channel 

Ethernet 
Z. Cao [8] 6 1.25 32 Hard-disk read channel 

UWB 
K.Uyttenhove [9] 6 1.3 600 Hard-disk read channel 
K. Poulton [10] 8 4 4600 Digital Oscilloscope 
K. Poulton [11] 8 20 10000 Digital Oscilloscope 
P. Schvan [12] 6 24 1200 Optical communication 
S . Louwsma [13]  10 1.35 420 Digital TV 
G. Van der Plas 
[14]

4 1.25 2.5 WPAN 
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Flash ADC is the commonly used topology for high speed data converter [1]-[4], 

[7], [9], [14] . A Flash ADC is illustrated in Figure 1-1. An N-bit ADC has 2N-1 stages 

of comparators, and each comparator compares the input Vsig with the reference 

voltage which is usually generated from a resistor ladder. 

1

2

22 −N

12 −N

Q

Q

Q

Q

Q

Q

Q

Q

 

Figure 1-1 Typical architecture of N-bit Flash ADC 

 
One problem for the above Flash ADC is the sampling error, which is caused by 

the asynchronous clock arrival at the 2N-1 comparators and also the mismatch of the 

switches in the comparator. So for even higher sampling rate or higher accuracy 

application, a track-and-hold circuit (T/H) is usually used in front-end to reduce the 

sampling error [5], [6], [10]-[13]. 

1.1 T/H circuits in high speed ADC 

Figure 1-2 is a simplified schematic of the differential T/H. The NMOS switch 

drives the gate of the PMOS source follower buffer. Two NMOS dummy switches, 

which are used to partially compensate for the charge injection, are driven by an out-

 



3 

of-phase clock. At multi-gigahertz sampling frequency, the T/H is critical for 

achieving good dynamic performance over broadband input signals. There are several 

non-ideal factors in the T/H to limit the performance of the ADC [15]. 

 

Figure 1-2 Simplified NMOS switch T/H circuit 

 
Finite Bandwidth 

When the NMOS switch is turned on, there will be an on-resistance whose value 

is dependent on the switch size and the drive voltage. The on-resistance and the hold 

capacitance form a RC time constant which defines the channel bandwidth. The finite 

bandwidth of the T/H circuit introduces group delay variation over broadband signals 

and also makes the ADC SNR drop at high frequency. 

 

Charge Injection 

When the switch is on, some charges will be present in the MOS channel. This is 

a result of formatting a conducting channel under the NMOS gate. When the switch is 

turned off, charges will flow either to the input source or to the sampling capacitor. To 

the first order, 50% of the charges will be distributed to the holding capacitor, which 

will create a voltage of CQV /Δ=Δ . At high frequency application, dummy switches, 

which are the half size of the sampling switch [12], are usually added to both sides 

[18]. Dummy switches work together with the differential architecture, thus most of 
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the charge injection error can be reduced. But charge injection on the T/H circuit is 

also a signal dependent error, which is more difficult to deal with. 

 

Clock Feed-through 

Due to the parasitic capacitance caused by the MOS switches, the large swing 

clock signal may be coupled into the sampled signal and create an error. The clock 

feed-though in first order can be cancelled by using the differential architecture. 

However this depends on the absolute matching of the layout. 

 

Signal Dependent Sampling error 

In gigahertz T/H circuit, usually it is hard to bootstrap the clock signal with the 

input signal. The finite slew rate of the clock transition will create a signal-level-

dependent sampling error, and generate a harmonic distortion of the input signal. That 

error is relative to the clock transition time and input signal frequency. Detailed 

description of the signal dependent sampling error will be presented in chapter 2. 

When the input signal frequency goes higher, distortions from the signal dependent 

sampling error will be dominant in T/H circuit.  

 

Timing error 

The random clock jitter can introduce aperture jitter in the T/H circuit, even small 

sampling uncertainty can create large error in sampled voltage and result in voltage 

noise at the output. The SNR of T/H output due to the sampling clock jitter with RMS 

value of εrms is given by [10], [15], 

 

dB)2log(20 rmsinfSNR επ ⋅−=  (1-1)

 

Where fin is the input sinusoidal signal frequency, from (1-1) we can get the 

Effective Number of Bits (ENOB) of ADC with different RMS jitter. This is plotted in 

Figure 1-3. For example, if we want to design an ADC with 2GHz signal bandwidth 
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and 6-bit resolution, the clock jitter should be smaller than 1ps. So in multi-gigahertz 

ADC, the performance is usually limited by the aperture jitter [11], [16], [17]. 

 

Figure 1-3 ENOB versus signal frequency with different RMS clock jitter 
 

1.2 Time-interleaved T/H 

Time-interleaved architecture is an efficient way to implement an ADC. It uses 

slower circuits in each channel and can have a system speed beyond the technological 

limitation. Because each sub-ADC runs at the frequency of fs/N, where fs is the system 

sampling rate and N is the number of time-interleaved channels, some power 

efficiency technology can be used in sub-ADCs and the overall power consumption of 

the ADC will be reduced [8], [13].  

There are two different kinds of time-interleaved ADC topology. One has the 

global T/H in front-end as shown in Figure 1-4. The hold signal is buffered by a high-

linear source follower and is then sampled again by the multi-phase clocks. Because 

the signal at the buffer output has already been hold, the timing error in the following 

time-interleaved T/Hs is not an issue. For this kind of ADC, the front-end T/H and 

buffer still need the full tracking bandwidth, which is critical for achieving good 

dynamic performance. 
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Another kind of time-interleaved ADC is built with distributed T/Hs driven by 

multi-phase clocks. This ADC is a more power-efficient architecture. But the problem 

in this architecture is the sample timing error, which is caused by the mismatch in the 

multi-phase clock paths as well as the one in different signal channels. So usually 

complicated DSP calibration is used to detect and compensate the timing error in the 

channels [10], [12]. 

 

 

Figure 1-4 Time-interleaved ADC with global T/H circuit 
 

 

Figure 1-5 Time-interleaved with distributed T/H circuit 

 

1.3 Conclusion 

T/H circuit is a critical block in high speed ADC, and the timing accuracy is the 

main limitation to the SNR of ADC when the input signal frequency goes up to multi-

gigahertz. In distributed T/H circuits, the timing error can be from the multi-phase 
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clock skew as well as the aperture jitter. In the following chapters, we will try to 

reduce the timing error for two different kinds of T/H circuits.   

 



 

Chapter 2 Sine-wave Clocking Multi-Gigahertz T/H 

As it was described in Chapter 1, slow clock transition will introduce additional signal 

dependent sampling error. Now the question is how bad it is compared with the other 

non-ideal issues in the sampling switch. In this chapter the signal dependent 

nonlinearity model will be introduced, and we can see how the distortion changes with 

the input signal frequency, signal swing, and clock transition time. Furthermore, the 

harmonics from different non-ideal issues in the T/H circuits will be simulated and we 

will get the dominant limitation in the gigahertz ADC. Based on the above simulation 

results, we will propose a new gigahertz T/H circuits using low jitter sinusoid clock. It 

turns out that the slow transition of the sinusoid clock will not degrade the 

performance of 2GHz bandwidth 6-bit ADC.  

 

2.1 Signal dependent sampling   

When the track and hold circuits use clock signals that are not bootstrapped with 

the input signal, the finite slew rate of the clock transition will create a signal-level-

dependent sampling harmonic distortion of the input signal. Considering the circuit 

configuration of Figure 1-2, the NMOS switch samples the input signal when Vgs is 

equal to Vth. Figure 2-1 shows the clock falling transition and the sampling point in the 

time domain. For the purpose of this analysis, the Vth is assumed to be zero, so the 

switch is turned off when clock signal reaches the input signal. If there is no input 

signal dependent issue, the sampling will always take place when the clock reaches to 

VAV , as shown tS in Figure 2-1. However in real case the sampling will take place at tR 

because that is the time when the voltage of clock signal is the same as the input signal. 

So the sampling points are input signal dependent and the reconstruction of all the 

sampled data will have harmonic distortion of the input signal.  
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Figure 2-1 Non-linearity model for input-dependent sampling instant 
 

Nonlinearity Model 
Because there is an input dependent Δt change in each sampling instance, so the 

output of the T/H is, 

 

)(sin)( ttAtV Sout Δ−= ω  (2-1)

 

Where Δt is equal to tS – tR, we need to calculate the crossing point of the input sine-

wave and the clock falling edge, 

 

⎪⎩

⎪
⎨

⎧

−=

=

)(

sin

s
SR

CK tt
T
V

y

tAy ω
 (2-2)

 

Here we assume the input sine-wave has swing of A and frequency of ω, the square-

wave clock amplitude is VCK, and transition time is tTR. We want to find the 

expression of t in term of tS, but unfortunately there is no mathematical solution for 

equation (2-2). Here we use an approximation method to find a close value of Δt. 
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First it’s easy to calculate Δt1 as shown in Figure 2-1. Δt1 is the time difference 

between these two curves where the sine-wave has ideal sampling instance value. 

 

CK

TRS

V
ttA

t
⋅⋅

=Δ
)sin(

1
ω  (2-3)

 

Using equation (2-1) and (2-3), we can get expression of point M on sinusoidal curve. 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ⋅⋅
−⋅=

CK

TRS
SM V
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tAtV

)sin(
sin)(

ω
ω  (2-4)

 

Point M is still too far away from the real sampling point, we can do such searching 

again from point M, and get Δt2 in Figure 2-1. 

     

CK

TRSM

V
ttV

t
⋅

=Δ
)(

2
 (2-5)

 

Now using the value of Δt2 we can get the equation for point N on the sinusoidal curve. 
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We can repeat such searching and make the searching point closer to the real sampling 

point. Here N is already close enough to calculate the 3rd order harmonic. If we take 

Taylor series expansion of sin(ωtS) in equation (2-6),  the equation can be expressed as, 

 

⋅⋅⋅+−⎟⎟
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The 3rd order harmonic is usually the dominant distortion, so if only the signal 

dependent sampling error is considered in the T/H circuit, the SFDR is, 
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 (2-8)

 
We can see the SFDR is proportional to the square of clock amplitude VCK, and is 

inverse proportional to the square of clock transition time tTR, input signal swing A, 

and input signal frequency ω. 

 

Calculation results versus simulation results 

From the above non-linearity model, we got the equation of SFDR for the T/H 

circuit. Here we will take an ideal switch instead of NMOS switch to do the simulation. 

In the ideal switch, it includes only the signal dependent sampling nonlinearity, so we 

can verify the above model with the simulation results. 

 

Both the calculation results and simulation results are plotted on Figure 2-2 with 

different clock transition time and different input signal frequency. With the same 

clock and signal amplitude, the calculation results from the above model match the 

simulation results very well. The SFDR is reduced by 40dB/decade as expected when 

the input signal frequency goes higher, and the 3rd order harmonic is also increased by 

about 12dB if the clock transition time is doubled. For wide-band ADC, the distortion 

from long transition time clock will limit the SFDR of ADC. For example, if the clock 

transition time is 120ps and the input signal frequency is 2GHz, the SFDR is about 

36.5dB. This result can only realize 5-bit resolution ADC because we have to leave 

margin for other noise and distortion sources. 
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Figure 2-2 Signal-dependent sampling error limited SFDR, calculation and simulation 
results (clock amplitude 1.5Vp-p, input signal swing 0.8Vp-p differentially) 

2.2 SFDR limitation in T/H circuits  

In 2.1 we described the signal-level-dependent nonlinearity and how it affects the 

SDR of T/H at high frequency. But in real T/H circuits, distortions and noise are 

generated from other sources as mentioned in Chapter 1. Here we are trying to find out 

which one is the dominant effect in high speed T/H circuit. If we want to make sure 

that the signal-level dependent distortion does not limit the performance of high speed 

ADC, then what is the transition time requirement for the sampling clock? 

Figure 2-3 is the schematic of the differential NMOS T/H circuits used in 

simulation, and the process is IBM 90nm 1P8M CMOS. M1 and M2 are the main 

differential switches which are controlled by the clock, clk. When the Vgs of M1 (M2) 

is larger than the Vth, the output will track the input, otherwise the switches will be 

turned off and the capacitors Cs1 and Cs2 will hold the sampled voltage. The dummy 

transistors M3-M6 are used here to reduce the charge injection and the transistor size 
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is half of M1 (M2). M7 and M8 are used to compensate signal feed-through in hold 

mode. 
 

 

Figure 2-3 Schematic of the differential NMOS T/H circuits 

 

In this simulation, the same clock (1.5Vp-p amplitude, different transition time 

square wave) and input signal (0.8Vp-p differential, different frequency sine wave) are 

used as above ideal switch simulation. 

 

The comparison simulation results of ideal switch and NMOS T/H circuits are 

shown in Figure 2-4. The square-wave clock transition time sweeps from 60ps to 

160ps, and the input signal frequency is up to 2GHz. In ideal switch only the signal -

dependent sampling effect will generate distortion. But in real NMOS T/H circuits, 

besides the above nonlinearity source, the distortion will also be from the switch turn 

on resistance variation, charge injection, parasitic capacitance variation and so on. 

From the comparison results in Figure 2-4 we can see that: 
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Figure 2-4 SFDR comparison with ideal switch and NMOS T/H circuit 
 
1.  When the input signal frequency is lower than 500MHz, the signal-dependent-

sampling distortion is much smaller than the other effects. Even if the clock transition 

time is 160ps, the distortion from signal-dependent-sampling is still at least 8 dB 

smaller than that from other effects at 500MHz. 

2.  Compared with other nonlinearity issues, signal-dependent-sampling distortion will 

be dominant at high frequency, because it increases by 40dB/decade when the 

frequency goes higher. If we define the input signal frequency as fSDS at which the 

signal-dependent-sampling nonlinearity contributes one half of the total distortions, 

fSDS will be different with different clock transition time, as shown in  Figure 2-5. 

3.  Other nonlinearity issues, such as charge injection, are also clock transition time 

dependent. At low frequency, the SFDR with 60ps clock transition time is about 4 dB 

higher than that with 160ps clock transition time. But also we can get the conclusion 

that different clock transition time doesn’t change those nonlinearities very much.  

 

 



15 
 

 

 Figure 2-5 fSDS changes with different clock transition time 
 

4.  Figure 2-4 shows the distortion introduced in NMOS T/H circuit, if we want to use 

that T/H circuit in high speed ADC, we can select proper clock transition time and 

then make sure the distortion from the T/H will not degrade the ADC performance 

very much. 

2.3 Sine-wave as sampling clock in T/H circuits 

From Figure 2-4, if the clock with 100ps transition time is used, the SFDR of T/H 

circuit @ 2GHz is about 40dB, and that is enough for the ADC with 6-bit resolution. 

But if we want to build such kind of ADC, the sampling clock jitter should be smaller 

than 1ps, as shown in Figure 1-3. The square-wave clock is usually generated from a 

chain of inverter buffers, and is very easy to pick up supply noise during the clock 

transition duration in the inverter buffer. So at high frequency, ADC dynamic 

performance is usually limited by the sampling clock jitter [11].  
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Sinusoid signal can be generated by L-C oscillator and has very low phase noise. 

If we can use sinusoid clock to directly drive the T/H circuits, then the performance of 

the ADC will not be limited by the clock jitter, and hopefully we can get higher ENOB 

for the multi-gigahertz ADC. The main problem of the sinusoid clock is the longer 

transition time compared with the square-wave clock. The slew rate of the sinusoid 

signal is, 

 

)cos(
d

)sind( tA
t

tASR ωωω
==  (2-9)

 

So the largest slew rate is ωA happens at )2,1,0( ⋅⋅⋅±±== nnt πω . For the 2GHz and 

4GHz sine-waves with 1.5Vp-p amplitude, the largest slew rate is about 0.009V/ps 

and 0.019V/ps. These two sine-wave signals can be comparable with the 160ps 

transition time square-wave signal (SR=0.0094V/ps) and 80ps transition time square-

wave signal (SR=0.0019V/ps) respectively.  

Figure 2-6 is the SFDR of the T/H circuit with sine-wave clock and square-wave 

clock. At high frequency, as expected, the SFDR of the 4GHz sine-wave clock is close 

to that of the 80ps transition time square-wave clock, because they have the same slew 

rate at clock transition edge.  

We also plot the SNR limitation in T/H circuit if there is 1ps RMS jitter in the 

clock. For 6-bit 2GHz bandwidth ADC, the clock jitter should be smaller than 1ps. 

ADC is usually used in the system with some noisy digital blocks. It is not easy to 

generate square-wave clock with such small jitter, and low noise clock buffer is also 

very power hungry. But if we use the same swing 4GHz sine-wave as the sampling 

clock, the signal-dependent sampling error will limit the SFDR to about 42dB, and 

thus will not affect the ADC performance too much. 
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Figure 2-6 SFDR of the NMOS T/H circuits with sine-wave and square-wave clock 
(input signal swing 0.8Vp-p differentially, clock swing 1.5Vp-p) 

 

2.4 Proposed multi-gigahertz T/H circuits with sinusoid clock 

As mentioned above, sinusoid clock can be used as the sampling clock in the high 

speed T/H circuit and the signal-level-dependent sampling nonlinearity will not be the 

dominant distortion (noise) source in some high speed ADCs. Figure 2-7 is the 

proposed architecture of a low power 2GHz Nyquist rate, 6-bit ADC.  

The sinusoid clock will be directly from the VCO (can be injection locked VCO 

or PLL controlled VCO), the LC oscillator can generate large swing sine-wave signal 

with very low phase noise. And data dependent kickback noise is not a dominant 

factor for the VCO clock jitter [20]. So that pure clock will make sure the precise 

timing in the T/H circuit. The swing of the clock will be determined by the bias 

current of the oscillator and the equivalent loading impedance of the LC tank. We can  
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Figure 2-7 Sinusoid clock sampling high speed ADC topology 
 
make the current be programmable to change the clock swing and cover the process 

variation. Because the loading capacitance from the T/H circuit is part of the total 

capacitance in the LC tank, the VCO can drive large capacitance loading without extra 

power consumption. In the current multi-gigahertz ADCs, clock buffer is the most 

power-hungry block if we want to reduce the buffer pick-up noise [2], [3]. Here we get 

rid of the clock buffer, which will save a lot of power for the ADC system. 

The T/H circuit is followed by N time-interleaving sub-ADCs. The operating 

frequency of each sub-ADC is fs/N, and fs is the sampling frequency in the front-end 

T/H circuit. There are several benefits by reducing the operating frequency of each 

sub-ADC. First, the bandwidth requirement of each sub-ADC is 1/N of the system 

bandwidth, the amplifier in each sub-ADC is much easier to design with low power 

consumption. Second, with lower operating frequency, the metastability of the 

comparator will be reduced exponentially. Finally, the digital blocks are easier to 

realize with lower power.  

Because the signal at output of the T/H has already been hold, the sampling 

timing accuracy requirement of the each sub-ADC is not as high as that in the front-

end T/H circuit. Here the VCO output signal frequency is divided by N to generate the 
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multi-phase clocks which are buffered by the inverters to drive the sampling circuits in 

each sub-ADC.   

2.5 Conclusion  

In this chapter, the input signal-level-dependent sampling error introduced 

distortion in T/H has been analyzed and simulated. Compared with the distortion or 

noise introduced by the typical value of clock jitter, the signal-level-dependent 

distortion will not limit the performance of the high speed ADC when using multi-

gigahertz sinusoidal sampling clock. We expect better ADC dynamic performance if 

the T/H circuit is driven by the clean high swing sine-wave clock.  
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Chapter 3 Timing Error Detector  

Time-interleaved architecture is an efficient way to implement high speed ADC. A 

time-interleaved ADC consists of N parallel channels, and the system sample rate is N 

times of each channel. So it is possible to realize an ADC with a speed beyond the 

technological limitation. Because each channel works at fs/N, where fs is the system 

sampling rate, this will be helpful to make the system power consumption much 

smaller than a single ADC with the same sampling rate.  

However in the time-interleaved ADC, mismatches of offset, gain, and timing 

among the channels generate undesirable distortion and significantly degrade effective 

resolution of the ADC [21]. These mismatches may change slowly over time due to 

temperature variation. There are a lot of different techniques that have been proposed 

to correct offset and gain error [22]-[24], but it is more difficult to deal with the timing 

error. Usually digital back-end FFT is used to detect the timing error [10]-[12], 

however this needs a lot of hardware and software resources and takes a long time for 

the calibration.  

Here we will use a new histogram based method to detect the timing error in high 

speed T/H. First, different timing error sources in high speed T/H will be analyzed. 

Second, a histogram based timing error detector will be proposed, which includes not 

only the skew in the multi-phase clocks, but also the mismatch in the T/H circuits. 

Finally, the accuracy of the timing error detector will be discussed.  

3.1 Timing Error in Time-Interleaved T/H 

There are two different kinds of timing errors in time-interleaved T/H. One is the 

aperture jitter from cycle-to-cycle jitter on the clock signal; the other is the static 

timing error from mismatch among the channels, such as the skew in the multi-phase 

clocks, and the bandwidth mismatch in different channels. Here we will focus on the 

static sampling error.  
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(a)                                                                       (b) 

Figure 3-1 Sampling instances in 4 channels time-interleaved T/H, (a) Ideal sampling  

(b) Sampling error on one channel 
 

Figure 3-1 shows the sampling instances in 4 channels time-interleaved T/H. If 

there is no timing error in all 4 channels, it’s same to use one clock with sampling rate 

4 times of each individual channel. If there is some timing error in one of the channels, 

as shown in Figure 3-1 (b), the clock in channel 1 is a little bit earlier. Then the 

sampling instance in channel 1 is also earlier than the ideal case. When the system 

combines all 4 channels output together, the sampling error in channel 1 will introduce 

distortion at the output, just like the red curve shown in Figure 3-1 (b). If we do FFT 

for the combined outputs, we can see the distortions at the frequency of dc ffN ±⋅ , 

 is the clock frequency of each channel,  is the input data frequency, and 

could be 1, 2, 3, or 4 here.  

cf df

N

In Figure 3-2, we take 8 time-interleaved T/H circuits in simulation. Each channel 

runs at 1.25GS/s so that the system sample rate is 10GS/s, and the input signal 

frequency is 3.90625GHz. If there is no mismatch among the 8 channels, the SDR at 

output is about 57.5dB, and it is limited by the 3rd harmonic, as shown in Figure 3-2 

(a). When 2ps timing error is introduced in channel 2, we can see large distortions at 

. It is about -52.7dB if we add all the distortions together, and the SDR is 

about 37dB in 

dc ffN ±⋅

Figure 3-2(b). Meanwhile if 2ps timing error is introduced in one 

channel, the timing error standard deviation of the 8 channels system is, 

pststd 66.08/)75.125.07( 22 =+×=Δ  (3-1)
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(a)                               

 

(b) 

Figure 3-2 Frequency domain analysis of the 8 channels signal output, (a) No 
mismatch in all 8 channels, (b) 2ps timing mismatch in channel 2 
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From equation (1-1), with 0.66ps RMS timing error and 3.9GHz input signal 

frequency, the SNR is limited by, 
 

=⋅⋅⋅⋅−= − )1066.0109.32log(20 129πSNR 36.2dB (3-2)

 

Equation (1-1) was derived from random jitter assumption. Here the calculation result 

with static timing error also matches the simulation result very well. That means the 

static timing error and the random clock jitter are almost at the same level to affect the 

ADC SNDR, and they can be treated as uncorrelated error sources. For example, if we 

want to build a time-interleaved ADC with ENOB of 6 at 2GHz signal input, the total 

timing error (include static timing error and clock jitter) should be smaller than 1ps. 

3.2 Static Timing error source in T/H 

In time-interleaved ADC, the static timing error can be from the mismatch of 

multi-phase clock generators and clock buffers. Also the mismatch in the multi-path 

T/H circuits will introduce bandwidth mismatch, which can be further separated into 

gain mismatch and timing mismatch. 

 

 

Figure 3-3 Timing error source in time-interleaved T/H 
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3.2.1 Mismatch in the multi-phase clock distributor 
In multi-phase clock generator, such as DLL and clock divider, any mismatch in 

the delay cells can introduce output clocks phase error. Then the timing of each clock 

will deviate from its ideal value. The deviation is Δt1 shown in Figure 3-3. The 

mismatch in clock buffers will introduce delay time variation, which will introduce 

Δt2 timing error in Figure 3-3. At the same time, in order to reduce the power 

consumption in the clock distributor, usually we use the minimum length transistors. 

By this way we make the matching among the channels even worse. So usually the 

delay adjusters are used to cover such timing deviation in the multi-phase clock 

generator [10], [12].  

Table 3-1 Measured timing error of each clock buffer output 

Channel name Channel spacing (ps) Error (ps) 
Ch1 and Ch2 130 5 
Ch2 and Ch3 126 1 
Ch3 and Ch4 120 -5 
Ch4 and Ch5 132 7 
Ch5 and Ch6 128 3 
Ch6 and Ch7  127 2 
Ch7 and Ch8 123 -1 
Ch8 and Ch1 113 -12 

 

We used 2-stage dividers to generate 8-phase 1GHz clocks from 4GHz input, then 

the clock signals go through 8 phase-interpolators and two stage inverter buffers. 

Table 3-1 describes the measured results of the phase spacing of each two adjacent 

channels of one chip. We can see that the phase spacing error can be as large as 12ps. 

It is difficult to reduce such larger phase error by good layout matching, and that’s 

why phase interpolator is introduced to cover the delay variation of the multi-phase 

clocks.  

3.2.2 Mismatch in the signal channels 
In high speed ADC, open loop T/H circuit is usually used in CMOS process, 

which includes NMOS as switch and mental capacitor to ground as holding capacitor. 
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Both the switch and capacitor have some mismatch in different channels, and such 

mismatch also introduces timing error in the sampling instances. 

First is the Vth mismatch in the NMOS switches. Different threshold voltages 

directly affect the switch turn off time, so the timing error introduced by ΔVth is, 
 

α/3 Vtht Δ=Δ  (3-3)

 

Where α is the slope of the clock transition edge, so the effect of ΔVth here is equal to 

the Δt3 timing error.  Figure 3-4(a) is the simulation result when 60mV Vth mismatch 

is added in channel 2. We can see the similar distortions when timing error is 

introduced in Figure 3-2 (b). If the clock signal has 1.2V amplitude and 40ps transition 

time in the simulation, from equation (3-3) we can calculate that the equivalent timing 

error of 60mV ΔVth is 2ps. Then we use 2ps clock delay change to compensate that 

Vth offset. The simulation result is shown in Figure 3-4(b). All the distortions from 

the timing error are reduced to be lower than the 3rd harmonic at the output. The  

 

 

(a) 
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(b) 

Figure 3-4 Frequency domain analysis of the 8 channels signal output, (a) 60mV Vth 
mismatch in channel 2 (b) 2 ps timing change to compensate Vth mismatch 

 
distortions still remain because the Vth change on one channel affects the turn-on 

resistance of the sampling switch, and will change the bandwidth of channel. However 

the bandwidth change will also introduce timing error and gain error, here such effects 

can be neglected comparing to the timing error. In Figure 3-4(b) the 3rd order 

harmonic is the dominant distortion after the switch turn-off time error is compensated.  

The channel bandwidth will also be changed if there is switch dimension 

mismatch and holding capacitance mismatch as shown in Figure 3-3. Bandwidth 

mismatch will introduce signal delay difference and gain error in the particular 

channel. Here we leave the gain error to the following ADC gain error calibration, and 

just discuss the signal delay difference. Actually in high speed low resolution ADC, 

the timing error is much more serious compared with other non-ideality, and such 

small gain error will not affect the ADC performance very much.  

The T/H circuit is basically a first order filter. If the group delay of that filter is 

constant, the time delay for different frequency signal will be the same. That means 
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we can also change the delay of the clock to compensate the delay difference in signal 

channels. The group delay of the first order filter is, 
   

2)(1d
))(arctg(d

ωω
ω

RC
RCRCGP

+
==  (3-4)

 

Here R is the switch turn on resistance, C is the holding capacitance. So if we want to 

reduce the group delay variation, ωRC  should be much smaller than 1. Then the 

group delay variation to DC is, 
 

2332 )})(1(1{ ωω CRRCRCGP =−−≈Δ  (3-5)

 

If we choose the holding capacitance for one channel is 0.1p, and the switch turn-on 

resistance is 100Ω, the group delay variation is about 0.9ps up to 5GHz. Also from 

equation (3-5), we can see that the group delay variation changes with the cubed R-C 

time constant. That’s why we want to reduce the turn-on resistance and increase the 

T/H circuit bandwidth for high speed ADC [13].  

If the group delay in the signal band is a constant value, there are no differences 

between the signal path delay and clock delay. We can also change the clocks’ delay 

time to compensate the signal path delay differences among the different channels. 

3.3 Phase Spacing Detector 

From 4.2 we know that if the bandwidth of the T/H is large enough, all these 

timing error sources in Figure 3-3 can be represented with the timing error in the 

multi-phase clocks. If the delay adjustable multi-phase clocks generator is used, the 

static timing error in the high speed T/H circuit can be reduced. Now the question is 

how to detect the timing error in all the time-interleaved channels. 

Digital back-end FTT is usually the method to detect the static timing error in 

time-interleaved ADC, but FTT needs a lot of hardware and software resources and it 

takes a long time to calibrate the error. Here we use a histogram counter to detect the 

spacing information for every two adjacent clocks [25]. 
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Figure 3-5 shows how the clock phase spacing detector works. Besides the multi-

phase clocks, an asynchronous signal will be added at the input of T/H circuit. A 

histogram counter is used to count the number of input signal transition edges between 

two adjacent clocks, Φ1 and Φ2 in Figure 3-5. When the transition edge of input 

signal is located between these two phases, from state a to state b, and state c to state d 

in Figure 3-5, the sampler output is “1”. Instead, from state b to state c, state d to state 

a, the output is “0”. Because the frequency of input signal and clock are asynchronous,  
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Figure 3-5 Principle of the histogram phase spacing detector 
 
for a long time the transition density is distributed uniformly in the clock cycle. From 

the number of “1” and the number of “0” we can get the spacing information of Φ1 

and Φ2. Assume the delay time between these two clocks is ΔT, from Figure 3-5 we 

can get, 
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"1" ofnumber 

11

 (3-6)

T is the period of input signal. Here T should be larger than 2ΔT. 

In the above phase spacing detector, the input signal should be sampled by 

different phase clocks. When such detector is used for the time-interleaved ADC, the 

T/H circuit itself is a sampler, as shown in Figure 3-6. Because the T/H circuit is 

already included in the phase detector loop, the timing error from different signal 
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channels are also recorded in the histogram counter. As we discussed in 4.2, the timing 

error in the signal path can also be represented in the clock path, so this phase spacing 

detector actually will get all the timing error information in the time-interleaved T/H 

circuits. 
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Figure 3-6 Diagram of the histogram phase spacing detector 

 

The phase spacing detector in time-interleaved T/H will work like this, 

a. Get two adjacent T/H channels, and connect the voltage hold nodes to the two 

following comparators respectively. 

b. Add another signal at input, whose frequency is asynchronous with sampling 

clock frequency 

c. When both two channels sample high input or low input (fully differential 

architecture is used in real implementation), the output is “0”. Otherwise the XOR 

output is “1”. 

d. The countering time is exactly fCK*2N. So during that time we can know how 

many input signal transitions happened between these two phases clock. 

e. The same two comparators will be switched to the next two channels and detect 

that phase spacing information of next two channels. 
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f. We can read out the data in the counters, and get the phase spacing information 

of every two adjacent channels. 

 

The above phase detector has several advantages. Because the same comparator is 

shared among all the channels, the offset from the comparator is the same and it will 

be automatically cancelled. A histogram based measurement is used so that the noise 

and other random dynamic error will be averaged. If the sampling time is long enough, 

the averaged number is expected to be the same for all the channels. The sampler in 

the phase detector is T/H circuit itself, so the detector does not only measure the clock 

skew in multi-phase clocks, but also the mismatch in the different signal channels.   

3.5 Conclusion 

In time-interleaved T/H circuits, static timing error is the same as the clock jitter 

regarding to the effect of the ADC SNR. Static timing error can be from the multi-

phase clocks skew and the mismatch of different signal channels. The new histogram 

based phase detector indicates the phase spacing of every two adjacent and the 

detector includes the above static timing error information. There is no extra error 

introduced by the phase detector because the same detector circuit is shared by all the 

signal channels, and the random noise can be averaged during the long period 

accumulation in histogram counter. 
 

 



31 
 

Chapter 4 Circuits implementation 

In this chapter, the schematics of 8 channel time-interleaved T/H with phase spacing 

detector will be introduced. Each channel will run at 1.25GHz and the system sample 

rate is 10G. This design has three parts including the phase detector in which the time-

interleaved T/H which is included; the 8-phase clock generator with the de-skew 

capability for each clock individually; and also the testing blocks which are used to 

verify the timing accuracy after the calibration with the phase detector.  

4.1 Phase detector  

As shown in Figure 3-6, the phase detector includes the time-interleaved T/H 

circuits, two comparators, and high frequency digital circuits which is to count the 

bins from the comparator output. The same T/H circuit is used in the ADC, so the 

phase detector output will include the mismatch among different signal channels. The 

comparators are used to amplify the small sampled signal to logic level. The 

comparator should have small metastability and hysteresis. Because the same 

comparators are used for all the channels, the offset from the comparator will be 

automatically cancelled.  

 

4.1.1 Track and Hold Circuits 
Figure 4-1 is one channel of the differential T/H circuits, there are 8 channels in 

parallel controlled by 8 phase clocks. Differential architecture is used to suppress the 

even order harmonics, and it is also helpful to reduce the clock feed-though and charge 

injection, because the differential circuits make these as common mode error. In 

Figure 4-1 NMOS M1 and M2 are used as switches, Cs1 and Cs2 are holding 

capacitors. As discussed in 4.2.2 the R-C time should be small enough to decrease the 

group delay variation in each channel. The minimum channel length (100nm)   
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Figure 4-1 Differential T/H circuit 

 

transistor is used in switch, and the channel width is 16um. With 1.2V clock swing 

and about 0.6V threshold voltage in the switch, the turn-on resistance is about 40Ω. 

Cs1 (Cs2) is 100f F mental capacitor, and all the parasitic capacitances (switch, 

loading buffer, wire) are about 30f F. When we choose the hold capacitance, there is a 

trade-off between acquisition time and charge injection effects. For such RC we can 

calculate the group delay variation for 4GHz bandwidth using equation (3-5), 
 

ps 1.0233 ≈≈Δ ωCRGP  (4-1)

 

The above variation is smaller enough, so that we can change the delay in the clock to 

compensate the delay differences in different signal paths as discussed in 3.2.2. 

A more serious problem is the Vth mismatch between the two differential 

switches. We are going to change the delay in the clock path to compensate the Vth 

mismatch-introduced sampling error, but the problem here is that the differential 

switches are controlled by the same clock, so the Vth mismatch between the two 

differential switches cannot be reduced. We used multi-finger and cross couple 

method for these two transistors in the layout, and try to make them symmetrical.   
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In Figure 4-1 dummy transistors M3-M6 with half size of the switch are used to 

remove the charge injection of the hold voltage and the charge kickback of the input 

when the switches pass from the track to hold mode. M7 (M8) is a copy of M1 (M2) 

which is used to compensate the signal feed-though in hold mode.  

4.1.2 Comparator 
The comparator is used to amplify the small hold signal to logic level for the 

following digital blocks. The sensitivity of the comparator is important because it will 

affect the accuracy of the phase detector. For example, if the input of the T/H is 

1.25GHz sine-wave with 500mV amplitude, the comparator should have 3.75mV 

sensitivity to get 1ps accuracy for the phase detector. In the comparator, the 

regenerated signal kickback is the main factor to limit the comparator resolution [15], 

and for high speed comparator the metastability is also a big problem. Figure 4-2 is the 

schematic of two-stage comparator and with PMOS source follower buffer before that.  
 

 

Figure 4-2 Schematic of the comparator 
 

The PMOS source follower buffer is used as low-to-high level shifter. The 

common mode voltage in the T/H is about 200mV in order to reduce the pass-gate 

switch turn-on resistance. But the NMOS input pair in the comparator is preferred for 
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high speed operation. The output nodes of the buffer ON1 and OP1 are low impedance 

nodes, so the level shifter here is also helpful to prevent the regenerated signal 

kickback moving from comparator to the hold nodes of the T/H. 

The first stage of the comparator is Schinkel’s latch [27], which includes a pre-

amplifier at the bottom and a latch at the top as shown in Figure 4-2. When the CLKN 

goes low and CLKP is high, the outputs of the pre-amplifier AN and AP will be pulled 

up to Vdd, that high voltage on the gate of M11 and M12 will pull the output of latch 

to ground, so the latch is in the reset mode and the previous output is cleaned. When 

the CLKN is high and CLKP is low, the differential input will be amplified at the 

output of pre-amplifier because the output impedance is high at that half clock period. 

At the same time the common mode of AN and AP goes low and it will not reset the 

top latch any more. The latch will detect the input differential signal and the 

comparator will be in regeneration mode.  

The pre-amplifier here is another stage of isolation from regeneration node to the 

input, because the large swing signal at the pre-amplifier output is common mode to 

the input. In order to reduce the metastability of the comparator, the second stage latch 

is used, which is PMOS input current controlled latch sense amplifier [28]. 

In Figure 4-2 there are three clocks (CLKN, CLKP and CK) to control the two 

stage comparators. These clocks are from the same clock source which is used in the 

current T/H circuit, but the timing for these three clocks should be set properly. In 

Schinkel’s latch, the sample and latch happen in the same clock phase, so the latch 

need to catch the differential output of the pre-amplifier which is only available in a 

short transition time as shown in Figure 4-3. So the latch stage should be ready before 

that short transition time and wait for the differential signal from the pre-amplifier. 

Here CLKN is one inverter delayed from CLKP. Because the pre-amplifier output also 

has reset function to the latch stage, the latch will not make mistake even the latch is 

turned on earlier than the pre-amplifier as shown in Figure 4-3. 
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Figure 4-3 Output waveform of the Schinkel’s latch 

 

The same comparator will be used for all the 8 channels, so the offset in the 

comparator is automatically cancelled and it will not affect the accuracy of the phase 

detector. That makes the design of this comparator much easier.  

4.1.3 Digital Circuits 
Figure 4-4 shows the digital blocks for the phase detector. The two comparators 

have already amplified the input sampled signal to logical level. The 1.25GS/s data 

need to be further processed and stored in the counter.   

The R-S latch will convert the comparator output RZ signal to be NRZ signal. 

Because the two comparators work with the clocks from two adjacent channels, D 

flip-flops are used to synchronize the output data with the later phase clock (ΦN+1 in 

Figure 4-4). After the “XOR” gate combines two paths data together, we will get “1” 

if the input signal transition happens between these two phase clocks; Otherwise the 

“XOR” output is “0”. The “XOR” output is connected to counter A, whose length is 

216 to get large enough samples in the T/H. Counter A is controlled by another 
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Figure 4-4 Digital blocks for the phase detector 
 
same length counter B,  but the input of counter B is always “1”. When counter B is 

full, it will cut off the clock path and then counter A is stopped. Now we get the bin 

size which represents the phase spacing for channel N and channel N+1. The data in 

the counter will be read out in low speed and the same phase detector will be switched 

to the next two channels in order to get the phase spacing of channel N+1 and channel 

N+2. 

In this design the counter data will be read out to the computer, and the further 

data processing and timing calibration will be finished by software. But all these 

processing work can be implemented with digital circuit very easily in the further 

design.  

4.2 Multi-phase clock generator 

For 8-channel time-interleaved T/H circuits, we need to generate 8-phase clocks 

and the delay time of each clock can be changed to cover the mismatch both in the 

clock distributor and different signal channels. Figure 4-5 shows the 8-phase clocks 

generator in this design. The original 8-phase 1.25GHz clocks will be generated by the 

divider. A differential current mode phase interpolator will be used to change the 

phase of each output clock individually. A differential to single-ended clock buffer  
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Figure 4-5 1.25GHz 8-phase clock generator with de-skew capability 
 
and two stages inverter buffers are used to reshape the output clock edge and improve 

the driven ability. An on-die regulator is also used to reduce the noise on the supply.  
 

4.2.1 Divider 
The CML divider is used to generate the 8-phase 1.25GHz clocks from 5GHz 

differential input signal. The divide-by-4 function will be realized by two stages 

divide-by-2 divider, and Figure 4-6 is the CML D-flip-flop based divider [29]. We get 

rid of the current steering at the bottom for low voltage supply application. In Figure 

4-6, the off-chip 5GHz clock signal will be AC coupled to M1 and M2. The outputs 

, , 1Q 2Q 1Q  and 2Q  will have 90° phase differences between each two of them. The 

sensitivity of the CML divider is relative to the working frequency and the divider 

loop self-oscillating frequency, and the self-oscillating frequency is determined by the 

R-C time constant of the delay cell. So in the simulation we make the self-oscillating 

frequency be around 2.5GHz, the simulation has already included the parasitic 

capacitance from the layout.  

We can use , 1Q 1Q  and , 2Q 2Q  as the inputs of the following two dividers to 

generate 8-phase 1.25GHz clocks, as shown in Figure 4-7 (a). The problem for using 

two separate dividers is that the output phase positions from these two dividers will 
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not be fixed. For example we can not guarantee that Φ1’ will be between Φ1 and Φ2. 

Because initial status of each node on the circuit is unknown, the relative phase  
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Figure 4-6 CML divide-by-2 divider  
 
positions between Φ1-Φ4 and Φ1’-Φ4’ can be shifted at different time. So we need to 

merge these two dividers together to fix the output 8-phase clocks.  
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(a)                                                                               (b) 

Figure 4-7 8-phase divide-by-4 divider, (a) two stage divide-by-2 divider, (b) output 8 
phases fixed two stage divide-by-2 divider 
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In Figure 4-7(b), two dividers are merged together in DIV2’. The output 

frequency is also divided by 2, but the 8 output phases now are in fixed order. Because 

there are 4 delay cells in DIV2’ loop, the R-C time constant in the delay cell is the 

same as that in DIV1, and the self-oscillating frequency of DIV2’ is around 1.25GHz 

in the simulation. 

4.2.2 Phase Interpolator  
The phase interpolator is introduced to modify the delay time of each clock. The 

interpolator uses a current-steering DAC which supplies tail current to the two 

differential pairs. And these two differential pairs share the same resistive loading [30], 

as shown in Figure 4-8. The bottom current-steering will control the weight of the 

inputs clock phase at two differential pairs. For example the input phase of Φ1, Φ2, 

Φ3, Φ4 is 0°, 90°, 180°, 270° respectively, when the current-steering changes, the 

combination of Φ1, Φ2 can be changed from 0° to 90°.  

 

Figure 4-8 Schematic of the phase interpolator 
 

The DAC controlled current-steering employs 7-bit binary weight cells and 

another half fixed cells. The output phase can be changed with a range of 70ps and 

each step is around 0.5ps, as shown the simulation result in Figure 4-9. The phase step 

size is not perfectly uniform, but it is small enough for the timing accuracy and we 

will use successive approximation search method for the timing error calibration. The 
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real phase mismatch can not be so large, and the 2 MSB bits of the DAC actually are 

also fixed. 

 

Figure 4-9 Phase interpolator range, 128 steps 
 

4.2.3 Clock Buffer 
Three stage buffers are used to shape the clock signal and to drive the T/H circuits. 

In Figure 4-10 the phase interpolator output differential signal is converted to single-

ended first, then the clock will be buffered by two stage inverter buffers.    

 

 

Figure 4-10 Non-overlap clock buffers 

The schematic of differential to single-ended buffer is also shown in Figure 4-10, 

the output is controlled by the falling edge of the differential inputs. Vp controls the 
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fall transition of the output, and Vn controls the rise transition of the output. The delay 

time from Vn to output is longer than that from Vp to output, if more delay is 

introduced on the Vn to output path, it will be helpful to generate the non-overlap 

clocks. 

If there is no extra delay in the clock buffer, for example CK1 and CK5 will be 

overlapped as shown in Figure 4-11. When CK1 fall edge is used for sampling, while 

at the same time CK5 is rising and another channel is turned on, this means the 

loading capacitance value changes greatly in that short time. Such capacitance change 

will introduce more timing error, because the sampling point is not only determined by 

CK1, but is also affected by CK5. When extra delay is introduced for the rise edge of 

CK5, CK5 will be separated from the fall edge of CK1. If CK5 only changes after the 

sampling of CK1 finishes, the timing effect from CK5 is neglectable.    

 

 

Figure 4-11 Non-overlap clocks 
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4.3 Test Blocks 

Because this testing chip does not include the whole time-interleaved ADC, one 

difficult problem is how to verify the accuracy of the above phase detector. 

We know that the T/H circuit is also a passive down-converter, then the output is 

the product of clock and input signal in time domain, and it can be shown as 
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1ω  and 2ω  are the input signal and clock frequency, 1φ  and 2φ  are the initial phase of 

these two signals. If we think about the low side-band signal only (because the up  

 

Figure 4-12 T/H circuit as a down-converter 
 
side-band signal can be easily removed by the low pass filter), the output signal 

frequency is the difference between these two input signals. More importantly, the 

output of the down-converter also includes the inputs phase information. 
 

There are two reasons for us to use down-converter to measure the channels’ 

mismatch. First, the output signal frequency ( 1ω - 2ω ) is much lower than the input 

 



43 
 

signal frequency and clock frequency, so it is much easier to measure the same phase 

difference in time domain. Second, when the T/H is used as passive down-converter, 

the Vth mismatch and the channel bandwidth mismatch effects will also be presented 

at the output. If we use a MUX to select different channels, all the 8 channels can 

share the same I-V converter, the timing error among the 8 channels can also be 

available from the mixer output. 

4.4 Conclusion 

We have introduced an 8-channel time-interleaved 10GS/s T/H circuit with phase 

spacing detector in this chapter. Each signal channel can be selected to connect to the 

comparator and digital blocks, forming the phase detector. The multi-phase clocks are 

generated from two-stage dividers, followed by phase interpolator and clock buffer. 

The delay time of each clock can be changed individually. A down-converter which 

also includes the T/H is used to check the timing accuracy after the calibration. 
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Chapter 5 Measurement 

An 8-channel time-interleaved T/H circuit was fabricated in 90 nm CMOS process. 

Figure 5-1 (b) is the die photograph, and the die area is 1mm2. Figure 5-1 (a) is test 

board layout. The die was directly bonded to PCB (print circuit board) without 

packaging.  

Track/Hold

Clock buffer

comparators
& hist cnt

I-V converter
 & buffer

regurator  &
on-chip decap

1mm

1m
m

69 mm

69
 m

m

    
(a)                                                                       (b) 

Figure 5-1 Design implementation (a) testing board layout (b) die photograph 

5.1 Measurement setup 

The measurement setup is shown in Figure 5-2. The reference clock for the 

divider is from RF signal generator (HP 8665A), and the input of the T/H is from 

another signal generator (HP 6062A). These two signals can be synchronized by using 

another signal generator as external reference. Unbalance-to-balance transformers are 

used on the test board to convert single-ended signal to differential signal. All the 

register control bits are got from the scan chain which is controlled by the NI-DAQ.  
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Figure 5-2 Measurement setup 
 
The histogram counter data can also be read out through scan chain, and all the 

calibration process is finished in the computer. After the calibration is done, we can 

check the remained phase error in the 8 time-interleaved channels by using the 

oscilloscope (TDS 6804B). 

5.2 Histogram measurement 

Because the signal generator (HP 8665A) can only go up to 4.2GHz, 4GHz 

reference clock is used as the divider input, and the measured divider self-oscillating 

frequency is about 1108MHz at default setting. To measure the bin-size of every two 

channels’ spacing, an asynchronous signal is added at T/H circuit input, whose 

frequency is 1137MHz. When MUX1 in Figure 5-2 selects different channel, the bin-

size for that two adjacent channels can be available. For example, when MUX1 selects 

1, channel 1 and channel 2 will be connected to the comparators and the histogram 

counter get the bin-size which represents the spacing size of channel 1 and channel 2. 

Figure 5-3 shows the measured bin-size for every two adjacent channels (N represents 

spacing of channel N and channel N+1). The counter length is 216 in the design. From 

equation (3-6) we can get,   

22
size-bin       2
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Figure 5-3 Measured bin-size and spacing error for each two adjacent channels (clock 
frequency is 1GHz, input signal frequency is 1137MHz) 

 
Here T is the period of the T/H input signal, and T value is 1/(1137MHz). So from 

the number of each bin-size, we can get the time spacing of every two channels. By 

comparing the bin-size with the average spacing of all the channels, we can get the 

spacing deviation error of each two adjacent channels, which is also shown in Figure 

5-3. For this testing board, the largest timing error happens at channel 8 to channel 1 

and channel 2 to channel 3. To check the accuracy and the noise effect to the 

histogram result, the bin-size has been measured 5 times with the same setup, and the 

largest difference for timing error is only 0.5ps among all the measurements.  

To check the bandwidth effect to the timing detector accuracy, different input 

signal frequency has been used to get the histogram results. Figure 5-4 is the timing 

error of every two adjacent channels from the histogram results with different input 

signal frequency, which sweeps from 600MHz to 1800MHz. We can see that from the 

input frequency from 800MHz to 1800MHz, the timing error difference is within 2ps. 

But when the input signal frequency is lower, the difference will be larger and it 

changes monotonically. If the timing error variation is from the bandwidth effect, 
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Figure 5-4 Timing error of each two adjacent channels at different input frequency 
before calibration (clock frequency 1GHz for each channel) 

 
Figure 5-5 Timing error of each two adjacent channels at different input frequency 

after calibration (clock frequency 1GHz for each channel) 
 
it should change more dramatically at high frequency. One possible reason is the 

mismatch and the layout location difference of different channels. The coupling from 
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multi-phase clocks is not exactly the same for different signal channels, which will 

introduce an offset on the histogram result. When the input signal frequency is lower, 

the bin-size of the histogram is smaller, making the clock coupling offset more 

significant. So here high input frequency is better for phase calibration. 

Figure 5-5 is the detected timing error at different frequency after calibration at 

frequency of 1137MHz. We can see the timing error variation on different frequency 

is smaller than 1.5ps, and it is much smaller than the variation on Figure 5-4, 

especially on the low frequency.   

4 different boards have been measured to check the timing error in different chips. 

Figure 5-6 is the measured channel spacing error in these 4 boards. We can see that 

before calibration, the channel spacing error for each board is larger than 8ps, and it 

can be as large as 16ps on board 4. The spacing error between channel 8 and channel 1 

is negative and large for all the 4 boards, which means beside the random offset, there 

is also some systematically offset because of the layout floor-plan. 
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Figure 5-6 Channel spacing error in different boards (clock frequency in each channel 
is 1GHz, input signal frequency is 1137MHz)  

5.3 Channel spacing error calibration  

After we get the channel spacing information from the histogram counter, we can 

get the spacing error of every two adjacent channels by comparing each bin-size with 
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the average number. Based on the above information, we can re-calculate the control 

bits for the current steering in the phase-interpolators. Then the new numbers for the 

channel spacing can be available from the histogram counter. Because the step of the 

phase-interpolator is not exactly 0.5ps, and the step can be changed along with the bias 

current and power supply, the successive approximation method is used during the 

calibration. After two rounds of such calibrations, we can get the new bins-size for 

channels spacing and the detected spacing error is shown in Figure 5-7. 
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Figure 5-7 Channel spacing error in different boards after calibration (clock frequency 
in each channel is 1GHz, input signal frequency is 1137MHz) 

 
One output pin of the chip on board 1 was broken during the measurement, so 

only three boards testing result are presented here. All the channels’ spacing errors are 

smaller than 0.5ps after two rounds of calibrations. The detected timing error for 

different input signal frequency of board 3 has already been shown in Figure 5-5. 

5.4 Down-converter Output with Calibration  

Because this testing chip does not include the whole time-interleaved ADC, we 

can not verify the timing error calibration accuracy through the ADC performance. 

Another way to check the phase detector result is to use the down-converter as 

describe in 5.3. The down-converter output includes the multi-phase clocks timing 

information, the Vth mismatch in the switch and the channel bandwidth mismatch. 
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Furthermore, the down-converter is easier to measure because the signal period is 

much longer than the clock signal. We can use MUX2 in Figure 5-2 and select 

different channel outputs. All the 8-channel down-converters share the same I-V 

converter and the output buffer. 

   

 

Figure 5-8 Channel spacing error verification with down-conversion output (4 
channels outputs are shown in this figure) 

 
Figure 5-8 shows 4 channels’ outputs in the oscilloscope. The clock frequency is 

1GHz and the input signal 1010MHz in the measurement, so the down-converter 

output signal frequency is 10MHz. A histogram window on the middle with the height 

of 20mV is used to measure the mean value of the crossing point of each channel 

output. The mean value difference between two channels is the channel spacing, 

because during the down-conversion, the phase information keeps the same.  
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(a)                                                                                     (b) 

Figure 5-9 Down-conversion measured channel spacing error for different boards 

(a) before calibration, (b) after calibration 

 (Clock frequency is 1GHz, input signal frequency is 1010MHz) 
 

Figure 5-9 shows the measured channel spacing error before and after calibration 

through the down-converter. We can see that the spacing error is much smaller after 

the calibration. The spacing error standard deviation is 6.4ps, 4.3ps, and 5.8ps for 

these 3 boards in Figure 5-9 (a), and they are reduced to 1.8ps, 1.9ps, and 1.9ps 

respectively with calibration.  

But there is still spacing error remained in some particular channels. There are 

several reasons that make the down-conversion measured timing accuracy not as good 

as expected. 

1. In Figure 5-6 we can see the spacing error from channel 8 to channel 1 is large for 

each board, so there should be some systematical error. If we check the layout of 8 

channels T/H in Figure 5-10, channel 1 and channel 8 are on the two sides. That 

makes the coupling of the adjacent channel different from the other channels. So 

more ground shielding needs to be added between every two channels, through 

which we will reduce the clock coupling among the multi-phase channels.  

2. The sampling clock transition time is too long, thus the sampling aperture window 

is larger, which will bring more effects from other phase clocks, especially the out-

phase clock. For example, if we change the delay time significantly for CK8, we 

can find that the sampling time changes also on channel 4. So we should introduce 

more extra delay for the clock rising edge as described in 5.2.3, and also need to 

increase the size of clock buffer to shape the clock edge.  
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Figure 5-10 Layout of 8 channel T/H with multi-phase clock distribution 

 

3. Down-converter is not the perfect way to check the timing accuracy, for example 

the impedance of the signal hold node for down-converter and the one for T/H circuit 

are not the same. But we have not figured out how output affects the timing accuracy 

here.  

 

5.5 Clock buffer outputs 

From the MUX 3 in Figure 5-2, we can also measure the each clock output 

through the clock buffer. Figure 5-11 is the measured multi-phase clock spacing error 

of board 2, and the standard deviation of the remained clock spacing error is about 

3.1ps. Comparing the remained spacing error between the clock buffer and the down-

conversion output, we can find that the mismatch in different T/H channels introduce 

extra timing error. 
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Figure 5-11 Multi-phase clock spacing error 
 

5.5 Conclusion 

Table 5-1 Measurement summary for 4 chips 
  

Phase detector measured results  
Channel spacing error before 
calibration 
(peak) 

-16ps to +12ps 

Channel spacing error after calibration  
(peak) 

-1.5ps to +1.5ps 

  
Direct measured results (after 
calibration) 

 

Down-converter measured channel 
spacing error (peak) 

-2ps to +4ps 

  
Multi-phase clocks spacing error (peak) -4ps to +5ps 

 
8-channel time-interleaved T/H with phase detector has been implemented and 4 

different chips have been measured, the measurement summary is shown in Table 5-1. 

The phase spacing of the multi-channels was measured and calibrated very easily 

based on the histogram phase detector. The channel spacing error is larger than ±10ps 

before calibration on the 8 channels, and it could be reduced to 1ps after two rounds of 
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successive approximation calibrations. The down-converter is used to check the timing 

accuracy among the 8 channels after the calibration, and the largest timing error is 

within -2ps to +4ps in the measurement results. 
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