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Signal-integrity degradation from such factors as supply and substrate noise and cross talk 
between interconnects restricts the performance advances in Very Large Scale Integration (VLSI). 
To avoid this and to keep the signal-integrity, accurate measurements of the on-chip signal must be 
performed to get an insight in how the physical phenomenon affects the signals.  
 
High-speed digital signals can be taken off chip, through buffers that add delay. Propagating a 
signal through buffers restores the signal, which can be good if only information is wanted. But if 
the waveform is of importance, or if an analog signal should be measured the restoration is 
unwanted. Analog buffers can be used but they are limited to some hundred MHz. Even if the 
high-speed signal is taken off chip, the bandwidth of on-chip signals is getting very high, making 
the use of an external oscilloscope impossible for reliable measurement. Therefore other 
alternatives must be used.  
 
In this work, an on-chip measuring circuit is designed, which makes use of the principle of a 
sampling oscilloscope. Only one sample is taken each period, resulting in an output frequency 
much lower than the input frequency. A slower signal is easier to take off-chip and it can easily be 
processed with an ordinary oscilloscope. 
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Abstract 
Signal-integrity degradation from such factors as supply and substrate noise and 
cross talk between interconnects restricts the performance advances in Very 
Large Scale Integration (VLSI). To avoid this and to keep the signal-integrity, 
accurate measurements of the on-chip signal must be performed to get an insight 
in how the physical phenomenon affects the signals.  

High-speed digital signals can be taken off chip, through buffers that add delay. 
Propagating a signal through buffers restores the signal, which can be good if 
only information is wanted. But if the waveform is of importance, or if an 
analog signal should be measured the restoration is unwanted. Analog buffers 
can be used but they are limited to some hundred MHz. Even if the high-speed 
signal is taken off chip, the bandwidth of on-chip signals is getting very high, 
making the use of an external oscilloscope impossible for reliable measurement. 
Therefore other alternatives must be used.  
In this work, an on-chip measuring circuit is designed, which makes use of the 
principle of a sampling oscilloscope. Only one sample is taken each period, 
resulting in an output frequency much lower than the input frequency. A slower 
signal is easier to take off-chip and it can easily be processed with an ordinary 
oscilloscope. 
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Abbreviations 
AC alternating current 

DC direct current 

CMOS complementary metal-oxide-semiconductor 

IF intermediate frequency 

MOS metal-oxide-semiconductor 

MOSFET metal-oxide-semiconductor field-effect transistor 

NMOS n-channel metal-oxide-semiconductor field-effect transistor 

PMOS p-channel metal-oxide-semiconductor field-effect transistor 

RF radio frequency 

S/H sample-and-hold 

T/H track-and-hold 
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1 Introduction 
High-speed digital design is becoming more and more analog. Signal-integrity 
degradation from such factors as supply and substrate noise and cross talk 
between interconnects restricts the performance advances in VLSI. To avoid this 
and to keep the signal integrity, accurate measurements of the on-chip signal 
must be performed to get an insight in how the physical phenomenon affects the 
signals.  

Since the development is pushing towards higher and higher speed, the 
bandwidth of on-chip signals are getting very high, making the use of an 
external oscilloscope impossible for reliable measurement. To take the signals 
off-chip, buffers are needed. They introduce delay and an anlog buffer is often 
bandlimited to some hundred MHz. Therefore on-chip measurement must be 
used. 

1.1 Purpose 
The purpose of this thesis is to develop an on-chip measurement circuit, making 
use of the principle of a sampling oscilloscope to bring the signal off-chip. The 
goal is to have an input bandwidth of 5 GHz and to be able to sample rail-to-rail 
signals with a frequency of 3 GHz with 20 ps time accuracy and 20% amplitude 
accuracy. The real assignment is to develop a sample-and-hold (S/H) with these 
requirements. 

The design should be performed in a 0.18 µm CMOS process with supply 
voltage of 1.8 V.  

1.2 Reading Guidelines 
The first chapters will provide some theoretical background to some of the 
issues in the design phase. Different sampling methods will be discussed, as well 
as other considerations regarding the chosen structure. 

Results, discussion and further improvement will be presented in the end. 

• Chapter 2. The MOSFET Transistor 
Basics of the MOS transistor are discussed. The fundamental equations 
are presented. 
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• Chapter 3. Sampling 
Background to sampling theory, different types of sampling and sample-
and-holds are discussed. Problems at high-speed sampling are presented. 
 

• Chapter 4. Pre-study 
Some initial problems are presented along with some of the investigated 
structures. The selected structure is the result of this chapter. 
 

• Chapter 5. Design  
All parts of the selected structure are described and the final value for all 
parameters is decided. Some additional theory for some of the designs 
used will also be discussed for better understanding. 
 

• Chapter 6. Final Verification  
Presents the simulation results from this work. 
 

• Chapter 7. Summary  
The aim is compared with the results, discussion and conclusion. 
 

• Chapter 8. References 
References used throughout the work presented in order of appearances. 
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2 The MOSFET Transistor 
The MOSFET consists of two doped regions, referred to as drain and source, 
and a conductive layer between the doped regions. This conductive layer is 
isolated from the drain and source with a thin oxide. Figure 2-1 shows the basic 
structure.  

 

Figure 2-1. The basic structure of the MOS transistor. 

There are two types of MOSFETs. One is called NMOS or n-channel MOS, and 
the other is called PMOS or p-channel MOS. The difference between them is the 
way the channel is formed. In a NMOS attracted electrons form the channel 
while in the PMOS holes are used to form the channel. To form a channel in a 
NMOS, a positive voltage has to be applied on the gate. When the transistor is 
on, current flows in the channel between the source and drain terminals, 
direction depending on type of transistor. 

Two important parameters of the MOS transistor are its length (L) and width 
(W). The length is defined as the distance between source and drain under the 
gate. The width is perpendicular to the length. There are three voltages that are 
used a lot when talking about MOS transistors, the gate-source voltage, VGS, the 
drain-source voltage, VDS, and the threshold voltage, VTH.  

2.1 Transistor Symbols 
There are some simplified symbols for the MOS transistor shown in Figure 2-2. 
In Figure 2-2(a), there are 4 contacts depicted. These are for gate (G), source (S), 
drain (D) and substrate (B, for bulk) respectively. Since in most applications the 
substrate is connected to ground (for NMOS) or VDD (for PMOS), these contacts 
are usually neglected. In a digital design the “switch” symbols depicted in 
Figure 2-2(c) are preferred.  

 

Source Drain 

Gate 

Substrate 

Oxide 
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Figure 2-2. MOS symbols. 

2.2 Transistor Equations 
The MOSFET operates in different regions depending on applied voltage. There 
are 3 regions of operation for the transistor, first is off mode, second is linear 
mode and the third is saturation mode. The linear mode can also be referred to as 
ohmic or triode region and the saturation region are also called the active region 
or pinch-off region. The drain to source current equation looks different in each 
region. 

The transistor is off as long as the gate voltage is less than the threshold voltage, 
i.e. if Vgs < VTH the current through the transistor is ideally zero, ID = 0. When 
the gate voltage increases the transistor turns on in either linear region or 
saturation region. In linear region the VDS causes a horizontal electrical field 
over the channel, leading to a flow of current. This current can, for a NMOS, be 
written as [1] 

 ( ) 







−−=

2

2
DS

DSTHGSoxnD
V

VVV
L

WCI µ  (2.1) 

where VTH is the threshold voltage that can be written as [1] 

 ( )FFSTTH VVV Φ−Φ++= 220 γ  (2.2) 

VT0 is the threshold voltage at zero bulk to source voltage, γ and ΦF is process 
parameters. This ID equation is valid when VGS ≥ VTH and VDS< VGS - VTH. 
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For increasing VDS, the transistor will eventually come into saturation region. At 
this moment the (almost) linear dependence of VDS is no longer valid. Instead 
the drain current can be written as [2] 

 ( ) ( )DSTHGSoxnD VVV
L

WCI λµ +−= 12  (2.3) 

where λ (proportional to 1/Leff) is the channel length modulation parameter. This 
parameter is usually neglected when a first order approach is used.  

The above equations are valid for the n-channel MOS transistor. The only 
modification that needs to be done to convert them to the p-channel device is to 
put a negative sign in front of all voltages. Another way of doing this is just to 
change place of the subscripts, i.e. VGS =>VSG, and take absolute value of VTH. 

Another important parameter of the MOS transistor is its transconductance. A 
transistor in saturation converts a gate-source voltage change to a drain current 
change and the transconductance is a figure of merit of how well the device 
converts a voltage to a current. The transconductance is defined as change in 
drain current divided by the change in gate-source voltage, or explicitly [1] 

 ( )THNGSoxn
GS

D
m VV

L
WC

V
Ig −=

∂
∂

= µ   (2.4) 

2.3  MOSFET Capacitances  
In some analog applications the simple model of the transistor might not be 
enough. To predict the AC behavior of the device, its associated capacitances 
need to be taken into account.  From the gate to both source and drain there will 
be overlap capacitances. There will also be capacitances between each of the 
active terminals (S, D, G) to the substrate (bulk).  

Due to the physical structure of the transistor there will be an oxide capacitance 
between the gate and the channel. Between the channel and the substrate another 
capacitance exists.  Finally there are also junction capacitances between the 
source and drain areas to the substrate. Theses capacitances are usually divided 
into two components, one being the plate capacitance from the bottom of the 
junction. The second is the sidewall capacitance from the sidewalls of the doped 
area. All capacitances are shown in Figure 2-3. The two areas under the gate 
oxide, starting from above, mark the inversion layer (channel) and the depletion 
layer. 
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Figure 2-3. MOS device capacitances. 

Since high-speed digital signals tend to behave more like analog signals, many 
of the analog aspects have to be considered even in high-speed digital designs. 

2.4 The MOS Transistor as Switch 
A MOS transistor can be used as a switch because [2]: 1) it can be on while not 
carrying current, and 2) its source and drain are not “pinned” to the gate voltage. 
If the gate voltage changes, source or drain voltage need not to follow that 
variation.  

Even though it might be simple, the MOS switch suffers from some non-
idealities that can degrade performance severely. In high-speed sampling there 
are a number of non-idealities, which limits the S/H performance. Therefore a 
badly designed switch can cause great problems. 

When a MOS transistor should be used as switch one could use a single NMOS 
or a single PMOS or a combination of them, a so-called transmission gate. 
Which one to use depends on which properties that are needed. Although, it 
should be pointed out that mobility of holes are much smaller than mobility of 
electrons1, resulting in a larger device for same current for a PMOS compared to 
a NMOS. But as should be discussed later, the PMOS switch can be preferred 
under certain circumstances. 

2.4.1 Single MOS Switch  
If we assume that the highest voltage that can be applied on the gate of a NMOS 
is the supply voltage, VDD, we know from theory that the highest input voltage, 
Vin, we can apply to the source (or drain) is VDD-VTH. If Vin is higher than this 
value the transistor will not conduct any current, and the output is unable to 

                                           
1 Holes and electrons are carriers in MOS transistors and the mobility describes the ease with which the carriers 
drift in the material. 

Source Drain 

Gate 

Substrate 
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track the input. For PMOS, if the lowest voltage available is ground, Vin has to 
be greater than |VTHP| to be on. From this the conclusion that an NMOS is better 
suited for signals with lower DC level, while signals with higher DC level may 
benefit from a PMOS switch. 

In high-speed applications the switch on-resistance has to be taken into account. 
If the MOS is used as sample switch, the sampling speed depends on both the 
on-resistance of the switch and the sampling capacitor. The on-resistance, RON, 
is signal dependent, and increases with positive in signal for NMOS. The on-
resistance for a NMOS is given by [2] 

 
( )THNinDDOXN

NON

VVV
L

WC
R

−−
=

µ

1
,   (2.5) 

where µn is electron mobility, Cox is the gate oxide capacitance, W and L are 
transistor width and length respectively, VGS is gate-source voltage and VTHN is 
NMOS threshold voltage. As can be seen from (2.5), RON,N increases towards 
infinity when Vin approaches VDD-VTHN. For PMOS the on-resistance is given by 
[2] 

 
( )THPinOXP

PON

VV
L

WC
R

−
=

µ

1
,  (2.6) 

In (2.6) it can be seen that RON,P increases towards infinity when Vin approaches 
|VTHP|, which is a rather small voltage. 

2.5 The Transmission Gate 
One way to get around the problem with nonlinear on-resistance is to use a 
transmission gate. The gate consists of one NMOS and one PMOS connected in 
parallel as shown in Figure 2-4. The equivalent resistance now becomes  
RON,N || RON,P or explicitly [2] 

 
( ) THP

P
OXPin

P
OXP

N
OXNTHNDD

N
OXN

EQON

V
L

WCV
L

WC
L

WCVV
L

WC
R







−














−






−−








=
µµµµ

1
;  

  (2.7) 

which becomes input independent if µnCox(W/L)N = µpCox(W/L)P. 
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The problem with too high or too low signals is also solved with this structure. 
Since we have both a PMOS transistor, which takes care of high signals, and a 
NMOS transistor, which takes care of low signals, the result is a full swing 
switch. The drawback of transmission gates is the control signals. As we have 
both types of transistors that need to be on and off simultaneously, both a 
control signal and its complement need to be generated.  

 

Figure 2-4. CMOS transmission gate. 

 

(b) Symbolic representation 

C
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in out 
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3 Sampling 
To be able to convert the time- and amplitude continuous signals to time discrete 
and amplitude continuous signal some sort of sampling is needed. In many cases 
some sort of comparator to make the signal amplitude discrete follows the 
sampler.  If so, then an analog to digital conversion has been made. This chapter 
will not include any discussion regarding the stage after the sampler. 

First some background theory regarding sampling will be discussed. Then some 
sample and hold structures will be presented and thereafter problems in high-
speed sampling will be discussed.  

3.1 Sampling Theory 
An analog signal is sampled at uniform time intervals, Ts (corresponding to a 
sample frequency of fs=1/Ts), to get a time discrete signal. When sampling an 
analog signal, the sampled signal ends up with more frequency components than 
the original signal had. The sampled signals frequency response will show the 
correct spectrum, but this spectrum will repeat itself at the sample rate, i.e. the 
components are shown at original place and at ±fs, ±2fs and so on as shown in 
Figure 3-1. 

 

Figure 3-1. Original signal spectrum and sampled signal spectrum. 

One important question that arises is how the sampling frequency should be 
selected. If the signal contains high frequency components, it will be needed to 
sample at a higher frequency to avoid any information loss in the signal.  

In theory [3], if the original signal is band limited in frequency, then this signal 
can be fully restored from the sampled signal. This means that no information is 

fs/2 fs/2 fs fs 

fs/2 fs/2 
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lost. But this is only true if the sampling frequency is selected in a proper way. 
How this frequency should be selected to keep all information becomes clear 
from the Nyquist theorem [3]. The theorem states that a signal can be fully 
restored if the sampling frequency is chosen to at least twice the highest 
frequency component of the original signal, fin,high. Sampling at  
fs = 2fin,high is often called Nyquist sampling, and the frequency is called Nyquist 
frequency.  

3.1.1 Over- and Undersampling 
When sampling at Nyquist frequency, it can be hard to filter out the repetitive 
frequency components since a very steep filter must be used. Preferably, an ideal 
filter should be used. When this is hard to accomplish, oversampling may be 
used. Oversampling is just the term for using a frequency higher than the 
Nyquist frequency. Figure 3-1 show an example of oversampling, and it can be 
seen that a rather uncomplicated filter can be used to get the wanted spectrum. 

On the other hand, if the signals bandwidth is unlimited or very high, the 
Nyquist theorem is not fulfilled and a phenomenon called aliasing occurs [3]. 
The signal becomes undersampled, i.e. sampled with a frequency lower than the 
Nyquist frequency, and can’t be restored correctly. This is because the correct 
spectrum and a mirrored image will overlap and no filter can separate them 
(Figure 3-2. It should be noted that this doesn’t mean that the signal spectrum 
has to be from 0 to fs/2. It can as well be from any integer, say N, times fs to 
(N+1/2) times fs. This can be used in radio frequency applications to convert RF 
or IF signals to baseband.  

 

Figure 3-2. Undersampling results in aliasing.  
Black parts are overlapping spectrums. 

In [4] a nice applet shows all the above phenomena.  

fs/2 fs/2 fs fs 
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3.1.2 Subsampling 
In this work a method called subsampling is going to be used. It is the same 
principle that is used by sample oscilloscopes. Subsampling requires the signal 
to be sampled to be periodic. 

One single sample is taken each period. The next sample is taken the next period 
of the signal, slightly delayed to get new information of the signal in each period. 
The sampled signal is built up from information from several cycles of the 
original signal. 

From a time-domain point-of-view, we can say we have two clocks, one with 
period T, which is the input signal period, and one with period T + ∆t,  
where ∆t << T, which we call the sample clock. If the first sample is taken at 
time 0, the next sample is taken at time T + ∆t and the consecutive samples will 
be taken at k(T + ∆t). The time scale of the output signal is magnified with a 
factor T / ∆t. 

From a frequency point-of-view, we can say that we sample the signal with a 
frequency little slower than the signal frequency, resulting in an output 
frequency of fin – fsample, the so-called beat frequency. Shifted to lower frequency, 
the signal is easier to measure with slower circuits. 

3.2 Sample and Hold 
In analog design, the sample and hold circuit is a very important building block. 
It converts the amplitude- and time-continuous signal to an amplitude-
continuous and time-discrete signal. Sampling is often used at the front-end of 
analog to digital converters. Sample and hold circuits are also referred to as 
track and hold, because of their two operating modes. In sample mode or track 
mode, the output is tracking the input and in hold mode the output value is kept 
constant until the next track cycle.   

The easiest way of realizing the sample and hold circuit is to use a MOS 
transistor as a switch and a capacitor, shown in Figure 3-3. Ideally, when the 
clock is high, the output tracks the input, and when the clock goes low the 
output stays constant, at the value of the input at the time clock went low. In 
track mode the transistor can be seen as a resistor with the value RON. 
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Figure 3-3. Track and hold mode of a sampling circuit. 

Since RON varies with input signal and can increase to infinity for certain signal 
levels, the voltage swing becomes limited. To avoid this, the use of a 
transmission gate as sampling switch should be considered. The transmission 
gate has a much smaller variation of on-resistance, and it also allows rail-to-rail 
swings. For high-speed input signals it is critical that the NMOS and PMOS 
switch turns of at the same time to avoid errors in the sample value. If one of the 
switches turns off ∆t before the other, the output tracks the input for an 
additional ∆t seconds, but with a large input-dependent time constant [2]. This 
will cause distortion in the sampled value. 

3.2.1 Speed vs. Precision 
When designing sample and hold circuits there will always be a trade off 
between the speed and the precision of the circuit. As mentioned above, the 
sampling speed depends on both on-resistance of the switch and the sampling 
capacitor (since the time constant, τ, is proportional to RC). To make τ smaller, 
either the on-resistance or the capacitor (or both) has to be made smaller. RON 
can be made smaller by increasing the W/L ratio. But both these methods to 
increase speed decrease precision of the circuit. There are three things that 
introduce errors at the instant when the switch turns of. These are 

• Channel charge injection 
• Clock feedthrough  
• kT/C noise 

CH 
Vin Vout 
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CH 
Vin Vout 
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Channel charge injection occurs because of the charge that has formed the 
channel while the switch is on has to go somewhere when the switch turns off. 
The charge in the channel can be written as [2] 

 Qch = WLeffCox(VDD–Vin–VTH) (3.1) 

The charge exits through the source and drain terminals. In one case, the charge 
is injected to the input source and does not create an error. In the other case, the 
charge is stored on the hold capacitor, creating an error in the voltage stored. 
This voltage is usually approximated to ∆V = Q/(2CH), under the assumption 
that half the charge goes in each direction. For further details in this matter, 
check [2]. 

Due to the gate-drain and gate-source capacitances of the MOS switch, the clock 
transitions are coupled to the hold capacitor. The error is independent of the 
input level and only contributes to an offset error on the output. 

Charging a capacitor via a resistor gives rise to kT/C noise. The on-resistance of 
the switch introduces thermal noise at the output. When the switch turns off, this 
noise is stored on the hold capacitor together with the input value. To achieve 
low noise, the capacitor needs to be sufficiently large, and by that limits the 
maximum speed and adds extra load to the following stages.  

One way to minimize the channel charge injection is to add one extra transistor 
between the main switch and the hold capacitor, which is shorted between 
source and drain (Figure 3-4). This extra switch is usually called dummy switch, 
and it should be driven by the complement of the main switch control signal, i.e. 
if CLK drives the main switch, the dummy switch should be driven by CLK’.  

 

Figure 3-4. The dummy switch absorbs the channel charge form main switch. 

Under the assumption that half of the channel charge in the main switch goes to 
each terminal, the dummy transistor should be made half the width of the main 

Vout 

____ 
CLK 

CH 

Vin 

CLK

Q/2 
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transistor and of equal length to absorb the channel charge when the main switch 
turns off. With this choice of parameters the clock feedthrough is also 
suppressed [1, 3]. The positive feedthrough from main switch will cancel the 
negative feedthrough from dummy switch. 

Another method of minimizing channel charge injection is to use a transmission 
gate. While the NMOS gate has negative channel charge, the PMOS has positive, 
so when the transmission gate turns of, ideally the total charge injected to the 
hold capacitor would be zero (Figure 3-5). This, of course requires appropriate 
transistor sizing. The idea behind this is to make the NMOS and PMOS the 
same size so the charge injection will cancel. This is somewhat true if the input 
is in the middle of the supply voltage, assuming fast and exactly complementary 
clocks. However, this is hard to accomplish in practice. If the finite slope of the 
clock waveform is taken into account, the turn-off times of the transistors are 
signal dependent and will differ from each other. If the finite slopes are 
neglected there is still a problem. If Vin is closer to VDD the charge injected from 
the PMOS will be greater then the charge injected from the NMOS. The 
opposite will happen if Vin is closer to ground. 

As in the above method, also this approach suppresses clock feedthrough for the 
same reason as the dummy switch did but total cancellation can’t be achieved 
since the overlap capacitances of the NMOS and PMOS are not equal.  

 

 

Figure 3-5. Positive and negative channel charges reduce  
charge injection in transmission gate. 

 

 

CH 

Vin Vout 

Q+ 

Q- 

CLK

____ 
CLK 



3 Sampling 

   15 

3.3 Sampling techniques 
Sampling can be done with (roughly) two different methods, either series 
sampling or parallel sampling [5]. In series sampling the sampling capacitor is in 
series with the signal, thereby isolating the common-mode levels of the input 
and output. Series sampling in track mode is shown in Figure 3-6(b). Switches 
S1 and S2 are closed. Going from track to hold mode, S2 turns off before S1, and 
finally S3 turns on, shorting node X to ground. The voltage change at the output 
is equal to the instantaneous value of the input signal. With this order of 
switching, the input-dependent charge injection is removed; only a constant 
charge is injected to the sampling capacitor.  

Series sampling suffers from two disadvantages compared with parallel 
sampling. Nonlinearity of parasitic capacitances at the output node introduces 
distortion in the sampled value. To avoid this, CH has to be much larger than the 
parasitic capacitance. The other disadvantage is the hold settling time. It is much 
larger than for parallel sampling, for the reason that the output voltage must start 
from a reset value, while in parallel sampling it starts from a level close to its 
final value. 

 

 

Figure 3-6. (a) Parallel sampling setup, (b) series sampling setup. 
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3.4 High Speed Sampling Problems 
In high-speed sampling, the S/H performance is limited by a number of non-
idealities [1, 6]. In the table below, the main non-idealities are presented. 

Nonideality Cause Performance effect 
Sampling pedestal Clock feedthrough 

Channel charge injection 
Nonlinearity 

Harmonic distortion  
Input-dependent  
sampling instant 

Input-dependent gate-source voltage 
Finite clock transition time 

Harmonic distortion 
Input frequency limitation 

Input-dependent channel 
resistance 

Input-dependent gate-source voltage 
 

Harmonic distortion 
Input frequency limitation 

Finite acquisition time Finite bandwidth 
Finite slew rate 

Limited tracking accuracy  
Limited sampling frequency 

Aperture jitter Clock jitter 
Sampling instant random variation 

Limited dynamic range 
 

Table 3-1. High-speed sample and hold nonidealities [6]. 

The sampling pedestal, or hold step, comes from channel charge injection and 
clock feedthrough, both described above. Depending on the switch used the 
pedestal will be either positive or negative. This error should be minimized or at 
least made signal independent to avoid nonlinear distortion. Figure 3-7 shows 
the hold step. 

 

Figure 3-7. Negative hold step due to negative channel charge and clock feedthrough. 

The input-dependent sampling instant is caused by the varying gate-source 
voltage, VGS, and the finite clock transition time [4, 5]. Since VGS = VCLK – Vin, 
the sampling occurs when VCLK = Vin + VT, shown in Figure 3-8. The maximal 

sampling time variation is 
a
A

t in2
−=∆  (see [7] for details) where Ain is the 

amplitude of the in signal and a is the slope of the clock signal. 
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Figure 3-8. Input-dependent sampling instant due to finite 
clock transition time and varying VGS. 

The input dependent on-resistance for a NMOS is given by (2.5). The variation 
with input level introduces distortion in the sampled value. This phenomena is 
significant in high-speed sampling, where the input signal period Tin is 
comparable with the S/H circuit time constant τS/H=RONCH [6]. The effect is 
shown in Figure 3-9. 

Because of non-ideal components and physical limitations, it is impossible to get 
an infinite bandwidth and slew rate in the sampler. This leads to limited tracking 
accuracy, shown in Figure 3-9, which in turn leads to limited sampling 
frequency.  

 

Figure 3-9. (1) limited tracking accuracy, (2) distortion due to  
variation in switch on-resistance.  
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Aperture jitter or aperture uncertainty is one of the main limitations in high-
speed S/H. The jitter is determined as a variation in sampling instant [6] (Figure 
3-10). In high-speed applications this error becomes more obvious, while the 
input is changing fast and a small variation in sampling instant can cause a 
larger error in sampled value. 

  

Figure 3-10.  Aperture jitter cases varying sampling instant. 

The jitter can be divided into two categories, random jitter and deterministic 
jitter. Random jitter is all thermal noise, generated by the clock source and 
electrical noise, generated in the clock transfer from source to circuit. Given that 
the random jitter cannot be predicted, we need to minimize it. Deterministic 
jitter is mainly due to nonlinearity in the sampling switch and it can be reduced 
successfully without complex circuitry.  
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4 Pre-study  
To avoid inventing the wheel once again, the work started with a literature 
search to establish what had already been done and to get an idea of what was 
going to be a good starting point. Many circuits from other work included an 
operational amplifier (op-amp, or just OP).  In my case, using an op-amp would 
not be a good idea, since even a high-speed op-amp, does not have the speed 
required in my application. Therefore the op-amp approach was excluded from 
further investigation. 

4.1 Initial Problems 
The first problem that arose was of course the speed criteria. An input 
bandwidth of 5 GHz and an operating frequency at 3 GHz is not impossible to 
achieve but it demands some thought and considerations.  

The second problem was partly the low supply voltage and partly the signal 
swing. The input signal could in worst case2 come in with rail-to-rail swing, 
which does not decrease the performance demands on the following stages. This 
problem, however, has a rather simple solution. A voltage divider would solve 
this. The easiest way of doing this would be to divide incoming voltage over two 
resistors as shown in Figure 4-1.  

 

Figure 4-1. A resistive voltage divider. 

The voltage divider law for resistor states that  

 ( ) inout V
RR

RV
21

2

+
=  (4.1) 

Although this is the simplest method, it was not suitable for this application for 
two reasons. First, the parasitic capacitances that will occur are hard to predict 
because they are process dependent. Second, the resistor circuit would require 
the preceding stage to deliver some DC current, which it cannot.  
                                           
2 Worst case would be when a lower input frequency is applied. For higher frequencies the swing will be smaller. 
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Another way is to use a capacitive voltage divider. A capacitive divider can be 
used with AC signals but a DC signal would not pass through the capacitors. A 
sine wave will have ground as middle point after passing through the capacitor.  
This can be a good thing because the wanted DC level can be applied via a 
resistor to the output node of the divider as shown in Figure 4-2. The formula for 
the capacitive divider is  

 ( ) inout V
CC

CV
21

1

+
=  (4.2) 

 

 

Figure 4-2. A capacitive voltage divider with fixed DC voltage. 

The third problem, or at least consideration, was whether or not to use a buffer 
directly after the voltage divider. A buffer with high input-impedance would 
prevent the following stages to load the measuring node, which seemed to be a 
good idea.  

4.2 Investigated Structures 
After some research I decided to start with a combination of the structure 
presented in [8] and the structure in [9]. From [8] the actual sampler was picked. 
Here a linearized NMOS switch is used as sample switch. The main idea is to 
keep the gate-source voltage constant during track mode. The structure is shown 
in Figure 4-3. The buffer is a PMOS source follower. 
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Figure 4-3. The linearized sampler presented in [8]. 

From [9] the master-slave sampling setup was adopted (Figure 4-4). It consists 
of two samplers operating in opposite phase to one another. This structure will 
be used since the extraction waveform is the most important thing, and with a 
master-slave sampling setup, only the held values will be present on the output. 
The first S/H tracks and holds the input signal. The second S/H resamples only 
the held values. This means that the transients from track mode will not show up 
on the output. The first buffer isolates the master sampler from the capacitive 
loading of the next stages. This results in higher speed requirements on the first 
S/H than the second. The aperture jitter requirement is also reduce on the second 
stage, due to the resampling of constant amplitude values of the held signal. The 
buffer B2 can have much lower bandwidth than B1, because the resampled signal 
will be at the beat frequency, much lower than the input frequency. 

 

Figure 4-4. A master-slave sampling setup in (master) hold mode. 

After some experiments with the structure in Figure 4-3, I realized that this 
would not work. First of all, the PMOS source follower to linearize the sampler 
was not necessary in my application since the linearity issue could be dealt with 
via off-chip calibration. The linearity of the sampling switch is a greater concern 
when working with radio frequency applications. Furthermore, the low supply 
voltage made this method hard to realize. With the statement “the easier, the 
better”, I dropped this approach. 

Since I had decided to use a buffer before the first sampling stage, I wanted to 
use a source follower as first stage. This seemed to work very fine until the 
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second buffer was added. To be able to fulfill the bandwidth requirement, the 
buffer had to be designed in a certain way, that didn’t produce a DC level at the 
output that allowed the second buffer to fulfill bandwidth aims. The DC level 
was very close to VDD/2 after first buffer, no matter if a NMOS of PMOS source 
follower was used.  

In order to come around this problem, I tried to use series sampling, but without 
the reset resistor. In series sampling the capacitor does not affect the bandwidth 
in the same way as in parallel sampling. Only capacitors to ground are added to 
the load. The series capacitance will work as an AC coupling, allowing only AC 
signals to pass. Therefore the DC level has to be restored. This could be done 
either in the same way as with the DC restore after the voltage divider, or a 
transistor could used, clocked in the same phase as the sampling switch (Figure 
4-5). If the DC level could be restored to 1.6 V again, I could reuse the source 
follower already designed, saving both effort and time.  

 

Figure 4-5. Series sampling without reset switch,  
above with transistor as DC restore, below with resistor. 

In the transistor solution, the idea is to add a DC voltage to the tracked input 
voltage, thereby shift the DC level of the sampled value by VDC. In hold mode 
the transistor is off, but the DC shifted value is held in the capacitor. With the 
resistor, the circuit would work in the same way as the DC restore in the voltage 
divider. Unfortunately, in both cases there is significant leakage in hold mode 
through the transistor/resistor.  

Another method, that was briefly tried, was inspired by the work in [10, 11, 12]. 
This method uses charge sharing between capacitors, to produce a sampled 
signal. The basic principle is shown in Figure 4-6.  
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Figure 4-6. Charge sharing, master-slave sample and hold circuit. 

In track mode, S1 is closed, forcing the value in C1 to be equal to the input value. 
In hold mode, S1 is open and S2 is closed, and the charge is shared between C1 
and C2. The input voltage is divided down to be below VDD-VTH. The switches, 
in my case, consisted of full pass transistors. The question whether this structure 
had a memory function or not arose during the study of this circuit. The meaning 
of a memory function is if the instantaneous value depends on the previous 
values. If a series of high values are sampled and then a middle value is sampled, 
will it be the same as the value after a series of low values and then a middle 
value? Since it has been used in some previous work, it should not be a problem 
but any further investigations were not made. 

4.3 Selected Structure 
After a lot of tries with different structures, I finally chose one to use. The final 
structure is shown in Figure 4-7. With the use of a common-source stage as 
input buffer the problem of “losing” one VTH was solved and suitable DC levels 
could be set. The common source stage should be designed to have a gain as 
close to -1 as possible. Both sampling stages consist of transmission gates. They 
were chosen because of their ability to pass rail-to-rail signals, and the smaller 
variation in on-resistance. The second and third buffer stage was implemented as 
source followers. Source followers are fast and (almost) unity-gain amplifiers. 
Both bias voltages are generated with current mirrors.  

As I made the choice to use transmission gates as sampling switches, it is 
important to generate complementary clock waveforms. If single MOS switches 
had been used and perhaps dummy transistors, it would also had required a two-
phase clock. But instead of complementary clocks, a better solution might have 
been non-overlapping clocks. But for high-speed sampling with transmission 
gates (especially in both master and slave circuit), this approach is less attractive 
because we then need four phases of the clock, two non-overlapping clocks and 
their complements. The chosen clock generator structure is based on two 
inverter chains with matched delay and will be more described in chapter 5. 
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Figure 4-7. Schematic of the selected structure 
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Since it is necessary to distribute the clock signal without adding too much noise, 
the clock is distributed differentially. A differential signal is less sensitive to 
noise than a single ended signal. The signal is converted to single ended clock, 
shown in Figure 4-8, via a differential stage. The clock driver has not been 
designed in this work so this is just a suggestion of how it could be done. 

 

Figure 4-8. Differential clock converted to single ended. 
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5 Design 
The structure can be divided into smaller blocks. The design of each block will 
be discussed in this chapter. The different blocks will be the voltage divider, the 
current mirror, the common source (CS) amplifier, master sampling stage with 
hold capacitance, first source follower, slave sample circuit and finally the 
output buffer. The design of the clock waveform generator will also be 
discussed. The blocks are added one by one and the functionality and 
performance is simulated after each new part.  

5.1 The voltage divider 
The voltage divider used is the same as the one presented in Figure 4-2 with one 
modification. An extra transistor, a dummy transistor, which always is on, is 
inserted between the DC source and the resistor. This transistor has a long 
channel length but a small width. The addition of the transistor is to give some 
extra resistance and less leakage from the signal node. The resistor itself cannot 
be too large; around 200 µm is the maximum, due to the large area it will 
occupy otherwise.  

The divider is designed to produce a signal with a maximum swing of ±200 mV. 
When applying the divider law, all parasitic capacitances to ground need to be 
considered. There will be parasitic capacitance both from the resistor and from 
the gate of the transistor in the CS-stage. 

The parameters to decide values of are DC level, R1, C1, C2 and the width and 
length of the transistor. R1 is chosen to be as large as possible, and is set to  
25 kΩ, which results in a device length of 207 µm. The length of the transistor is 
set to 10 µm and its width to 1 µm, resulting in an extra resistance of rout = 1/gds. 

While all capacitance to ground add a load to the stage driving them, C2 cannot 
be too large, although the swing requirement must be fulfilled. The parasitic 
capacitances will only make the swing smaller (since they will be in the 
denominator of equation (4.2), so if requirements are reached with C1 and C2 
they will be reached even with the addition of parasitics.  

C1 and C2 are set to 50 fF and 140 fF respectively. With only C1 and C2 
considered, the output swing would be 

 ( ) ( ) mVVV
CC

CV inout 4758.1
14050

50

21

1 ≈×
+

=
+

=  (5.1) 
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This is a bit higher than the ±200 mV wanted, but with the parasitic capacitances 
included this value will be less than 400 mV. Parasitic capacitances will come 
from the resistor R1, from the capacitance C1 and from the gate of the input 
transistor in the common-source stage. 

5.2 The current mirror 
The drain current of a MOS transistor depends on supply voltage, process and 
temperature. The process and temperature dependencies will be present even if 
the gate voltage is not a function of supply voltage. So even if the gate voltage is 
precisely defined, the drain current is not. Therefore the use of a single MOS 
transistor as a current source is not ideal.  

The design of current sources in analog design is based on copying current from 
one reference current. This requires that one precisely-defined current source is 
already available. The reference current is generated by a relatively complex 
circuit, which will not be discussed further here (see [2] Chap. 11 for details). 

A simple current mirror is shown in Figure 5-1. How can we guarantee that 
Iout=Iref? If two identical MOS devices have the same gate voltage and operate in 
saturation region, they carry the same current (if channel length modulation is 
neglected). The currents can be written as [2] 

 ( )2

12
1

THGSoxnREF VV
L

WCI −





= µ  (5.2) 

 ( )2

22
1

THGSoxnOUT VV
L

WCI −





= µ  (5.3) 

resulting in  

 REFOUT I
LW
LWI

1

2

)/(
)/(

=  (5.4) 

This topology allows precise copying of the reference current with no 
dependence on process and temperature. The ratio of Iout and Iref is given by the 
device dimensions, which can be controlled with rather good accuracy. In a 
general case the devices need not to be identical. A scaling of Iref is also possible. 
That is done to supply the output buffer with bias current. Instead of using a new 
current mirror, and thereby create a new reference current or occupy one more 
output pin, the already existing reference current is copied and scaled after the 
demands on current needed. The copying circuit is showed in Figure 5-2. 
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Figure 5-1. A basic current mirror. 

 

 

Figure 5-2. The voltage Vref, generated elsewhere, is scaled to a suitable level Vout. 

The design of the current mirrors is strongly related to the design of the 
following stage to be able to get the right bandwidth and DC point at the output. 
Hence, the actual values for the current mirror and copy circuit will be presented 
in connection with the buffer designs.  
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5.3 The Common-Source Amplifier 
The idea of common-source amplifiers is to convert the change in gate-source 
voltage to a small-signal drain-current, which can pass through a load to give an 
output voltage (Figure 5-3).   

 

Figure 5-3. A common-source amplifier with unspecified load. 

The load can be as simple as a resistor, but it can also be another transistor, 
working either in saturation (acting as a current source) or deep triode region 
(acting as a resistor). It can also be a diode-connected transistor. Each alternative 
has its advantages and disadvantages.  

The resistor solution may seem as the simplest one, but resistors are hard to 
fabricate with tightly controlled values or reasonable physical size and resistors 
increase power dissipation. It should be mentioned that for low-gain, high-
frequency stages it might be desirable to use resistor loads because they often 
have less parasitic capacitances associated with them, and they are less noisy 
than active loads [1]. 

The current source solution is good when a large gain is required in a single 
stage. If the current source transistor is made large enough the voltage drop can 
be made rather small, but with the penalty that a larger capacitance is added to 
the output node, degrading speed.  

To use a transistor in deep triode region the gate has to be biased at sufficiently 
low voltage, making sure that the transistor stays in deep triode for all output 
voltage swings. The equivalent resistance will be the on-resistance of the 
transistor. The drawback with this circuit is the on-resistance dependence on µ, 
Cox, the input bias, Vb, and VTH. Because of the process and temperature 
dependence of µ, Cox and VTH this circuit is difficult to use. But on the other 
hand, this solution consumes less voltage headroom compared with the diode-
connected load.  
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Since I would use the CS amplifier as a buffer with unity-gain, I had no need for 
the high gain solution, and as mentioned above, the resistor load is preferred 
with high-speed stages. From the pre-study I had found a source follower 
configuration that fulfilled the bandwidth requirements that I would like to use.  
It needed an input DC level of around 1.6 V, so this level should be the output 
DC level from the CS stage. Because of this relatively high DC level I could not 
afford a voltage drop of VTH over a transistor. VTH is around 0.3-0.4 V in the 
0.18 µm process. Therefore the best solution was to go with the resistor as load 
shown in Figure 5-4(a).  

 

Figure 5-4. (a) Common source stage with resistive load, (b) input-output characteristics.  

If Vin increases from zero, M1 is off until Vin reaches VTH and Vout=VDD (Figure 
5-4(b)). When Vin reaches VTH, M1 turns on in saturation, drawing current from 
RD, decreasing Vout. The current through the resistor has to be equal to the drain 
current of M1, thus we have [2] 

 ( )2

2
1

THinoxnDDDout VV
L

WCRVV −−= µ  (5.5) 

The slope of the curve in the input-output characteristics is also referred to as the 
small-signal gain and is given by [2] 
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∂
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With (5.4) as input-output characteristics, we have  

 ( )THinoxnDv VV
L

WCRA −−= µ  (5.7) 
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 Dm Rg−=  (5.8) 

where gm is the transconductance of the MOS transistor. As can be seen from 
(5.8) and Figure 5-4, the CS-stage is inverting, and to get a gain of -1, RD has to 
be 1/gm. At the same time the drain current has to sufficiently large to fulfill 
bandwidth requirement.  

Parameters to be set are R2 and width and length of transistor. The parameters 
have to be set to satisfy three things: 1) the output DC level should be near 1.6 V, 
2) the gain should be close to one and 3) the bandwidth should be as large as 
possible. 

The transistor width is set to 60 µm, and length to minimum size, Lmin=0.18 µm. 
The input DC level is set to 700 mV with the DC source. R2 is chosen to 50 Ω. 
With this setup, gm becomes near 25 mA/V at DC, resulting in a gain of 
50/0.025=1.25. This is close enough to one, so it will do. Note that this is an 
iterative process to get the right parameters and adjustments followed by 
simulations and analysis leads to the best parameter setup. 

This setup results in a bandwidth through the CS-stage of 10 GHz, a drain 
current of 5.5 mA and an output voltage of 1.52 V. 

5.4 Master Sampling Stage 
As mentioned above, a transmission gate was chosen as sampling switch. The 
size of the devices and the sampling capacitor was chosen to fulfill bandwidth 
requirements but still ensuring correct operation. The DC voltage at the input to 
the transmission gate is around 1.5 V with a swing of approximately ±200 mV. 
The question if the NMOS switch is needed of course arises. Since we only have  
1.8 V as maximum supply and a threshold of around 400 mV, the NMOS switch 
will seldom turn on, but the functionality becomes better if it is left in place. 

Both NMOS and PMOS devices are set to a width of 30 µm and minimum 
length, and the hold capacitor is 100 fF, resulting in a bandwidth of 5.1 GHz, 
from input to hold capacitor, which fulfils the goal of an input bandwidth of 5 
GHz. 
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5.5 Source Follower 
Source followers, also called common-drain stages, are often used as buffers 
between a driving stage and a large load, operating as a voltage buffer. The 
source follower is often used as output buffer because it provides a low output 
resistance, which makes it good for driving loads. 

The source follower, shown in Figure 5-5(a), senses a voltage at the gate and 
drives the load at the source, making the output voltage follow the gate voltage. 
For Vin < VTH, M1 is off and Vout = 0. When Vin exceeds VTH, M1 turns on in 
saturation and current flows through RS (Figure 5-5(b)). As Vin increases, Vout 
follows with a level shift of VGS.  

 

Figure 5-5. (a) Source follower, (b) input-output characteristics. 

The input-output characteristics can be expressed as [2]  

 ( ) outSTHoutinoxn VRVVV
L

WC =−− 2

2
1

µ  (5.9) 

where VGS = Vin - Vout. With the definition of the gain given by (5.6) the chain 
rule for differentiating, we get the gain equation to be [2]  

 ( ) Smbm

Sm
v Rgg

Rg
A

++
=

1
 (5.10) 

where gmb is the transconductance from body effect. When the current and gm 
increases, the “1” in the denominator is neglected. It can be seen that body effect 
is the reason that the source follower has less the unity gain. 
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The resistor in Figure 5-5 can be replaced with a current source to decrease 
nonlinearity. The current source itself is implemented as a NMOS transistor 
operating in saturation. 

Source followers exhibit high input impedance and a moderate output 
impedance, making them good as buffers, but with the drawbacks of 
nonlinearity and voltage headroom limitations. The nonlinearity comes from the 
source voltage dependence of VTH and body effect. Connecting the bulk terminal 
to the source terminal can reduce the influence from body effect. In my process 
it is possible for both NMOS and PMOS transistors. In some cases, it is not 
possible, because all NMOS share the same substrate. The voltage headroom 
limitation is cause by the fact that DC level is shifted with VGS, consuming 
voltage headroom and limiting voltage swings. In relation to this statement, it 
should be noted that a source follower made of two PMOS transistors act as a 
DC level riser, while a NMOS source follower lowers the DC level. 

 

Figure 5-6. A NMOS source follower. 

Figure 5-6 shows the source follower used in my design. The method used to 
maximize the bandwidth of the stage is shortly described below. First, the input 
DC level, VDC, in is set to VDD-Vswing, in this case 1.8 V – 0.2 V = 1.6 V. Next, 
make sure that Vb – VTH < Vout - Vswing. This is because we want all transistors to 
be saturated at all time. Finally, the length of transistor M2 should be longer 
than Lmin. This is because a good matching between current mirrors is wanted to 
get correct currents. Lmin is minimum size that can be manufactured, and thereby 
it is more sensitive to variations in the manufacturing process. Also a current 
source is supposed to have large output impedance and the output impedance is 
proportional to L, so a lager L increases output impedance. If the impedance is 
too low it introduces distortion. When the above is applied the idea is to 
maximize ID and “minimize” the width of transistor M1. To reduce nonlinearity, 
the bulk terminal of M1 is connected to the output node. 
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Parameters to be set are width and length of M1 and M2, the device size and 
current in current mirror. The input DC level is not really 1.6 V, but 1.52V. 
Chosen device sizes for the source follower are: (W/L)1=60/0.18 and 
(W/L)2=90/0.3. The reference current is set to 7.5 mA and the device size for the 
current mirror transistor is (W/L)c-m=90/0.3, the same as (W/L)2. Results of this 
setup up are an output DC voltage of 724 mV, a bias voltage of 894 mV and a 
bandwidth of 4.6 GHz.  

5.6 Slave sampling stage 
Also the slave sampling stage is made of transmission gate. This gate however is 
a little smaller than the first and it has a much larger hold capacitance, since the 
bandwidth requirement is relaxed in this stage. The larger hold capacitor makes 
variations in the sampled voltage less visible at the output. 

As before, both NMOS and PMOS devices are made the same size, 
W/L=20/0.18. The hold capacitor is set to 400 fF. 

5.7 Output buffer 
The output buffer is also a source follower, but the maximum input frequency to 
this stage is 100 MHz, which means that the bandwidth does not have to be so 
high. The output stage should be able to drive up to 3 pF loads, which is an 
estimated value for the pad and probe capacitances. Since the input DC level is 
determined in the previous stage, the design has to be built from that. To feed 
this stage with a DC current, the copy circuit in Figure 5-2 will be used. The 
design strategy will be the same as for the first source follower. Parameters that 
have to be decided are sizes of M1-M4 in copy circuit, and the two devices in 
the output buffer. 

The input transistor of the output buffer is set to (W/L)in=60/0.18, and the 
transistor acting as current source is set to (W/L)bias=40/0.3. The gate-source 
voltage of the bias transistor should be around 620 mV (around 0.7 mA).  

The output current from the copy circuit depends on the sizes of transistor M1, 
M3 and M4 (labels from Figure 5-2). The drain current of transistor M3 is equal 
to the ratio of the devices times the reference current 

 ( )
( ) ref

ref

M
MD I

LW
LW

I 3
3, =  (5.11) 
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The drain current of M1 is equal to ID, M3 and ID, M2 is equal to 

 ( )
( ) 1,

1

2
2, MD

M

M
MD I

LW
LW

I =  (5.12) 

which is then copied to the buffer stage. Knowing that Iref=7.5 mA, and the 
wanted current is around 0.7 mA, a division by about 10 needs to be done. It 
turned out to be sufficient to divide the reference current by 9. Making this 
division in two steps resulted in reduction of 3 in device M3 and M2. The device 
size of the current mirror is as mentioned above (W/L)ref=90/0.3, so 
(W/L)M3=30/0.3. M1 was set to (W/L)M1=30/0.18 and (W/L)M2=9/0.18 and M4 
is the same size as the bias transistor, (W/L)M4=40/0.3, resulting in a current of 
0.74 mA through the buffer and a gate-source voltage of 618 mV. With this VGS, 
the bias transistor remains in saturation for all possible inputs. 

The bandwidth of the buffer is around 450 MHz, which is sufficient since the 
highest output frequency will be 100 MHz (not counting unwanted frequency 
components). 

5.8 The Clock Generator 
As mentioned above, the use of transmission gates as sampling switches requires 
complementary clocks so that both NMOS and PMOS gates turns of at the same 
time. When using a complementary clock, and especially in this application, it is 
important to maintain the clock edges matched under all conditions. Even if the 
clock skew due to gate delays is corrected, design parameters could vary in the 
production environment over a certain range, introducing additional skew. A 
method to cope with these problems is presented in [13]. Based on matched 
delay in two inverter chains, this method claims that process dependent clock 
skew can be eliminated. 

 

Figure 5-7. Clock generator for skew elimination. 
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Figure 5-7 shows the proposed structure. In the conventional way, the two 
inverter chains are designed to satisfy 

 noninvinv TT =  (5.13) 

where Tinv=TA+TB+TC and Tnoninv=T1+T2.  

If the drive capability variation of transistors is taken into account, a new 
condition arises, TB=T2, saying that pull-up delay of both chains should be equal, 
If the circuit is originally designed to satisfy this, in addition to the condition of 
zero clock skew at typical process, then the circuit remains skew free no matter 
what the process may be. The new condition together with (5.13) gives that 
TA+TC=T1, saying that the sum of pull-down delays should be the same in both 
chains. By these two conditions the delays contributed from the NMOS and the 
PMOS is separately matched, leading to a robust matching whatever process 
variation may be. If only the total delay of the two chains is matched, the delay 
will not be matched if process varies. This technique is flexible for light or 
heavy clock load. 

The inverter sizes are summarized in Table 5-1. All sizes in µm. 

 1 2 A B C 
NMOS 2.5 11 15 3.1 11 
PMOS 5.5 24.2 28.6 6.82 24.2 

Table 5-1. Clock generator parameters. 

A ratio of 2.2 between NMOS and PMOS is mostly used, since this gave 
symmetric rise and fall times. 

These values result in the following delays in ps (for a rising input) TA=17, 
TB=45 TC=30, T1=56 and T2= 32. The delays for a falling input are TA=20, 
TB=42 TC=31, T1=56 and T2= 36. As can be seen the matching is not perfect but 
the clock waveforms are very well matched.  
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5.9 Design Summary 
Here all parameter will be summarized all together. Device numbers are from 
Figure 5-8. DC level from DC source is 700 mV and Iref=7.5 mA. In Table 5-2 
all transistor sizes are summarized. Values in µm. 

Transistor Size Transistor Size 
M1 30/0.18 M7 90/0.3 
M2 9/0.18 M8 60/0.18 
M3 30/0.3 M9 40/0.3 
M4 40/0.3 M10 1/10 
M5 60/0.18 Mref 90/0.3 
M6 60/0.18   

Table 5-2. Transistor sizes. 

In Table 5-3 the sizes of the transmission gates are summarized. Both NMOS 
and PMOS have the same size. Values in µm. 

Transmission gate Size 
TG1 30/0.18 
TG2 20/0.18 

Table 5-3. Transmission gate sizes. 

In Table 5-4 the buffers in the clock generator is summarized. All buffers are of 
minimum length, Lmin. Values in µm. 

Buffer PMOS NMOS 
1 5.5 2.5 
2 24.2 11 
A 28.6 15 
B 6.82 3.1 
C 24.2 11 
Table 5-4. Buffer sizes. 

In Table 5-5 all passive components are summarized. Resistor values in Ω and 
capacitor values in fF. Load capacitance is 3 pF. 

Resistor Value Capacitor Value Capacitor Value 
R1 25k C1 50 CH1 100 
R2 50 C2 140 CH2 400 

Table 5-5. Passive components. 
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Figure 5-8. Full schematic over the designed circuit with current and clock generator. 
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6 Final Verification 
For final verification simulation has been used. The simulation is made in 
SPICE on schematic level with parameters from ST Microelectronics 0.18 µm 
process. The simulator takes into account parasitic capacitances originating from 
transistors and some other components, but all wires are considered ideal. That 
means that the wires have no resistance or capacitance associated with them. All 
transistors are simulated as one-gate devices. In reality they would consist of 
more than one gate, i.e. a number of fingers would be used instead, how many 
depends on device size. 

The results that are going to be presented come from two nodes in the design, 
after the first sampling stage and at the output node. I have run the design with 
three different input signals at four different frequencies. The signal waveforms 
are sine wave, triangular wave and square wave. The different frequencies are  
500 MHz, 1 GHz, 2 GHz and 3 GHz. To satisfy the 20 ps time accuracy, the 
sampling frequencies were chosen as 495 MHz, 985 MHz, 1.95 GHz and  
2.9 GHz respectively. 

The results of the sine wave simulations are shown in Figure 6-1 to Figure 6-4 
and triangular wave results shown in Figure 6-6 and Figure 6-7. Frequency 
spectrum for a sine wave input and a square wave input are shown in Figure 6-5 
and Figure 6-12 respectively.  

As can be seen from the simulation results for sine waves, the sampled signal 
suffers from some voltage offset. This error does not matter, because the 
waveform is the important thing not that it has exactly the right value. For the 
frequencies 500 MHz and 1 GHz the held voltage is very constant. For the 
higher frequencies there is a little more variation in the held voltage, but the 
final signal is still as predicted. The frequency spectrum has been “brought to 
zero”, i.e. the highest amplitude has been set to 0 dB. A clear peak can be seen 
at the beat frequency just as expected. The second highest peak is about 27 dB 
lower. This number is a figure of merit for the nonlinearity of the circuit. 

The square wave was applied with four different rise time (fall time = rise time), 
50 ps, 100 ps, 150 ps and 200 ps. For the 3 GHz square wave, only 50 and  
100 ps are tested. 150 ps rise time is almost triangular and 200 ps rise time and 
fall time is longer than period time. Results from some simulations are shown in 
Figure 6-8 to Figure 6-11. Since the sampling stage has a finite bandwidth, 
almost all sharp edges will be removed because they come from high-frequency 
components. This becomes more obvious for the higher frequencies. Triangular 
and square waves become blunt at the output node (Figure 6-10 and Figure 
6-11), and look more like sine waves. The frequency spectrum here is as above 
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brought to zero. Once again we see a clear peak at the beat frequency fb, 
although the gap to the second peak is 14 dB. The second peak is from the 
second term in the Fourier transform of the square wave and it is located at 3fb. 

The output swing is dependent on input frequency because of the limited 
bandwidth in the buffers. The gain is frequency dependent in all buffers. The 
total damping for the tried frequencies is as follows. For 500 MHz the damping 
is 6 times, for 1 GHz it is 6.1 times, for 2 GHz it is 6.6 and finally for  
3 GHz it is 7.1 times. Since the circuit has a built-in damping, the 20 % 
amplitude accuracy must be seen as relative. As the variation in damping 
increases from 6 to 7.1 with frequency this variation stays within 20 % of the 
damping on lowest frequency (6*1.2=7.2), so the goal is fulfilled. 

Power consumption has been measured for the whole circuit (including clock 
generator and current source). The average current drawn from the supply was 
measured while simulating the circuit with a worst-case input signal, in this case 
a 3 GHz sine wave. The power consumption was 51.2 mW. 
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Figure 6-1. Sine wave, 500MHz and 1 GHz, after first sampling stage. 
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Figure 6-2. Sine wave, 2 and 3 GHz, after first sampling stage. 
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Figure 6-3. Sine wave, 500MHz and 1 GHz, at output node. 
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Figure 6-4. Sine wave, 2 and 3 GHz, at output node. 
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Figure 6-5. FFT spectrum at output node of 2 GHz sine wave, with beat frequency 50 MHz. 
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Figure 6-6. Triangular wave, 500 MHz and 1 GHz, at output node. 
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Figure 6-7. Triangular wave, 2 and 3 GHz, at output node. 
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Figure 6-8. Square wave 500MHz, at output. 
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Figure 6-9. Square wave 1GHz, at output node. 
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Figure 6-10. Square wave 2 GHz, at output node. 
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Figure 6-11. Square wave 3GHz, at output node. 



Sampling Oscilloscope On-Chip 

 54

Figure 6-12. FFT spectrum at output node of a 1 GHz square wave 
with beat frequency 15 MHz.
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7 Summary 

7.1 Conclusion 
The aim of this thesis was to design and implement an on-chip measuring circuit 
and by using the principle of a sampling oscilloscope, bring the signal off-chip 
with a much lower frequency, the beat frequency. Due to limited time the 
implementation part was excluded from the scope of this thesis. The requirement 
was to design a circuit with an input bandwidth of 5 GHz, a time resolution of 
20 ps and an amplitude accuracy of 20 %.  

I have developed a circuit that fulfills the aims in a 0.18 µm process, and it has 
been verified by simulation in SPICE on a schematic level. For verification I 
have used three different waveforms, square wave, triangular wave and sine 
wave. All waveforms have been applied with a frequency ranging from  
500 MHz to 3 GHz. The power consumption is 51.2 mW if a 3 GHz sine wave 
feeds the circuit. 

The goal of an input frequency of 5 GHz has been achieved, and the time 
resolution of 20 ps is achieved if the sampling clock frequency is correct. By the 
use of a voltage divider, rail-to-rail signals can also be applied as input signals. 
They are scaled down to a more suitable level and thereafter processed by the 
sampler. The simulation results shows that the sampler works for sine waves up 
to 3 GHz (maybe even higher) and square waves up to around 2 GHz. High 
frequency square waves includes very high frequency components for sharp 
edges, which are filtered away because of the finite bandwidth of the circuit. 

7.2 Discussion 
The work has been very trial and error based. Relying on theory, many 
simulations have been done, some wasted and some fruitful. Many different 
parameter setups have been run. It is very hard to design a circuit from theory 
only, but it is also hard to design without the background theory. To evaluate an 
idea, it has to be tested.  

One question still remains, regarding the input buffer. My intuitive feeling was 
that a buffer protecting the measuring node would be a good idea. Even so, in 
none of the other works, such a buffer exists. Now, when the work is behind me, 
I believe that the design could have been easier without this buffer. At least a lot 
of time would have been saved. But I stand by my decision to use this buffer 
because I believe it is useful.  
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7.3 Future Work 
If more time could be spent, an implementation of the designed circuit would be 
done. From that a more correct estimation of the performance could be done. 
For instance, more accurate parasitics would be added to the following 
simulations and wires would no longer be ideal. This could of course degrade 
performance but the result would be more close to a final chip. 

Also thorough investigation whether or not to have the input buffer could be 
done. Maybe the circuit should be simulated at place, i.e. where it should be put 
when it is ready, and from there figure out if the buffer is needed or not.  

As always if the power consumption could be decreased without loss of 
performance, it would be good. At the moment I do not know if it is possible or 
how it should be done, but an attempt could be done. 
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