DESIGN AND ANALYSIS OF N-PATH FILTER FOR RADIO FREQUENCIES

A Thesis
presented to
the Faculty of California Polytechnic State University,

San Luis Obispo

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Electrical Engineering

by
Nathan Bergen

June 2022



© 2022
Nathan Bergen

ALL RIGHTS RESERVED



COMMITTEE MEMBERSHIP

TITLE:

AUTHOR:

DATE SUBMITTED:

COMMITTEE CHAIR:

COMMITTEE MEMBER:

COMMITTEE MEMBER:

Design and Analysis of N-path Filter for Radio

Frequencies

Nathan Bergen

June 2022

William Ahlgren, Ph.D.

Associate Professor of Electrical Engineering

Jane Zhang, Ph.D.

Professor of Electrical Engineering

Dennis Derickson, Ph.D.

Professor of Electrical Engineering



ABSTRACT
Design and Analysis of N-path Filter for Radio Frequencies

Nathan Bergen

Due to the growth of wireless communication many communication frequencies have grown
increasingly dense. This density requires higher Q-factor to receive only the signal of interest.
With the rise of smaller integrated circuits previous solutions used for filtering have become viable
again. This paper explores whether the N-path filter is viable in the modern day for radio
frequency receiver purposes.

A non-differential N-path filter was created by utilizing Cadence Virtuoso with a working center
frequency range of 750MHz to 1GHz while using TSMC technology. The desired quality factor of
over 1,000 was reached while maintaining a total area of 800 by 800 micrometers. Through the
analysis of the N-path filter new techniques for mixed signal analysis were used for simulation.
This included parametric analysis in Cadence ADE-L and additional analysis in MATLAB, and the
addition of a bootstrapping circuit to decrease simulation time. Future applications regarding
analyzing mixed signals could use these methods to provide frequency response data and

automated processing.
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Chapter 1
INTRODUCTION

1.1 History

The first design for an N-path filter was introduced by L. E. Franks and |. W. Sandberg in
their 1960 paper entitled, “An Alternative Approach to the Realization of Network Transfer
Functions: The N-path Filter”. In the paper, they described both the math and design of an N-path
filter. The main benefit of this circuit was that the center frequency was defined by an input clock
instead of being set by circuit components [1]. However, at this time the N-path filter was not yet
defined or explored for RF capabilities.

Figure 1.1 is an example of an early N-path filter from 1960. In this case they leave it as
N amount of capacitors. The wheel would spin at a rate of 1/T rotations per second and an
external switch would be closed every N/T interval. This effectively created an N-path circuit for

lower frequencies.
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Figure 1.1: Early N-path Filter Design
The N-path filters began to die out in the 1980s due to the rise of popularity of digital
filters. The N-path filters during this time were referred to as switch-capacitor filters and used for

discrete time purposes. However, there has been a resurgence in the use of N-path filters for



continuous time systems [2]. One such design attempted to create RF CMOS based N-path
filters, which ultimately lead to a N-path filter with a tunable center frequency of 240-530MHz
using switched capacitors [3]. Recently N-path filters have been increasing in popularity because
of the reduction of size in CMOS technology. The main purpose has been to create a large
tunable range at increasingly higher frequencies some going up to 1.2GHz [4].

While the results of these filters have continued to increase in range the Q-factor of these
filters have been from 100-300. The Q-factor of the of a bandpass filter is the measure of the
sharpness of the frequency response. The higher the Q-factor the smaller of a range of
frequencies that are passed through the filter [5]. RF communications today have been becoming
increasingly dense, this density requires sharper filtering in order to not face interference between
signals on the receiver end. To accommodate this need, the purpose of this project will be using
capacitors to create a non-differential N-path filter using current CMOS technology to achieve a

Q-factor of over 1000.

1.2 N-path Filter Operation

N-path filters operate on the basic level of capturing and storing the sections of the input
signals onto N capacitors in sequence. These capacitors are connected to transmission gates
that allow the signal to propagate when the clock signal for that capacitor goes high. When this
happens the input voltage begins to charge the capacitor. If the input signal frequency matches
that of the clock, then the capacitor will see the same section of the input signal at each period.
This leads the capacitor to charge up to the average voltage of that section over the course of the
RC constant of the system. Figure 1.2 shows the simplest model of the N-path filter. Each switch
is turned on then off sequentially so that only one capacitor is connected to the line above at a
time. The input signal would be connected to the left of the resistor and the output would be
connected to the right of the resistor. This causes the output signal to match the capacitor voltage

in the same sequential order as the capacitors turning on.
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Figure 1.2: Basic N-path Circuit Schematic

The transient signal reaching steady state can be modeled by looking at single capacitor
and its switch. The charging of the first capacitor is shown in Figure 1.3. The clock and input
frequency match both with a period of 21. The blue line represents the clock. The red line is the
input signal. The green line is the first capacitor of the filter. From 0 to 11/4 the clock is high. The
clock turns on the switch and allows the first capacitor to start charging up. As the clock goes low
the switch goes into the open position. The charge and therefore voltage on the capacitor
remains constant. At the beginning of the next clock cycle at 21T the capacitor continues to charge
from the last voltage it was at. This process repeats until the voltage on the capacitor is

equivalent to the average voltage of the input frequency from 0 to /4.

0 2 i 3m/2 an 5T2 3m T2 4m 9mi2

Figure 1.3: N-path Filter Single Capacitor Demonstration



The procedure for charging a single capacitor can be extending to all 8 as each clock is

in sequence so the second clock turns on right after the first turns off. All 8 clocks are shown in

Figure 1.4.

Figure 1.4: All 8 Input Clocks

These 8 clocks yield 8 averages taken of 8 different sections of the period of input signal.
An example circuit of an N-path filter steady state, where the input frequency matches the clock
frequency is shown in Figure 1.5. The input signal travels through R1 and then for the first 1/8 of
the period, SW1 becomes closed, and the input signal starts to charge up C1. The vertical dotted
lines represent when the switch change occurs, and each horizontal line in between represents
the capacitors 1-8. This process repeats for each switch and capacitor. Eventually the capacitors
reach steady state where their voltage matches the average voltage of their section of the passed

input signal.



Figure 1.5: Input and Output Signal When Clock Matches Input Frequency

The system output behaves differently when the input frequency does not match the
frequency of the clock. For a signal at half the frequency of the input signal, the output of the
system would be close to 0. This is because during the first half of the period of the signal, all the
capacitors would start charging up to the positive value of the signal as shown in Figure 1.6. As
shown by the red line representing the first capacitor in the chain, it sees the positive value of the
sine wave during its first clock cycle. Then on its second clock cycle starting at 1ns, it only sees
the negative half of the sine wave. The capacitors only charge up slightly each clock period, so by
seeing the positive voltage then the negative voltage the capacitors charge slightly then
discharge. This repeats and settles into a steady state with an output at a low amplitude. This

process holds true for all input frequencies outside of the clock frequency and its harmonics

Figure 1.6: Input Frequency is Half of Clock Frequency



One disadvantage to the non-differential N-path filter is that for even harmonics, the

signal propagates almost fully through the filter as shown in Figure 1.7. In this case, the first four

capacitors capture the full period of the signal. The second four capacitors capture the same full

period, despite the period not being within the ideal bandpass. This is true as the harmonics

increase.

Figure 1.7: Input Frequency is Double of Clock Frequency

Given random noise as an input as shown in Figure 1.8, none of the capacitors can

charge up or down due to the average of the noise being zero. This effectively makes the N-path

a filter as shown from the previous figures through propagating select signals but not others. The

N-path filter chooses to propagate signals near the center frequency and its harmonics.

Figure 1.8: Input is White Noise



The block diagram of an N-path filter is shown in Figure 1.9. The first stage of the block
diagram takes the input signal and splits it into n paths by mixing the input with a sequence of
pulse trains ¢ with periods Ts. In the second stage each signal goes through a low pass filter.
Since the splitting occurred in the first stage, the lowpass filter only passes signals where the
input signal’s period matches the clock’s period. The third stage then recombines the signal’s
output from the lowpass filter. On a block level, this is how the N-path filter operates. The
conversion of the lowpass filter to the bandpass filter is shown in Figure 1.10. Due to the n paths,
the lowpass filters effectively gets shifted over to the clock’s frequency. This creates the unique

qualities of the bandpass in the N-path filter.
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Figure 1.9: Block Diagram of N-path Filter
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Figure 1.10: Lowpass to Bandpass Conversion by N-path Filter
The theoretical bandwidth can be derived by taking the lowpass filter response and
shifting it up to the N-path filter’s center frequency.
The cutoff frequency of a standard RC lowpass filter is given by

1

Je = R Corm

The N-path filter has N capacitors all contributing to the total capacitance of the filter so

the cutoff frequency for lowpass filter in terms of the N-path filter elements is given by.

1
" 2mNRC

fe

Now the lowpass filter can be shifted up to the center frequency of the N-path filter. One
aspect that does need to be considered is that the lowpass filter passes both positive and
negative frequencies ranging from —f_ to +f.. Normally this aspect is ignored. However due to
shifting of the lowpass filter the negative aspect enters the positive frequency domain. This
shifting means that that frequency range of the N-path filter becomes f,;; — f. to f.r + f2. The

bandwidth of the N-path filter would then be

1

BWN—path =2fc= nNRC[ ]

The Q factor of this system is given by

Qfactor = # = TNRC fo0ck (5]



Since this Q factor scales with the total capacitance, the resistance, and the frequency of

the clock, the system can obtain Q values in the 1,000’s.

1.3 Requirements

The goal of this project is to create a CMOS based N-path filter using TSMC technology.
The requirements are defined in Table 1.1. The frequency range was taken from the 1.2GHz N-
path filter [4] although with a slightly lower range to accommodate this projects main goal of Q-
factor to The basis for the Q-factor of the project is that of the tuning fork, with a Q-factor of 1000
on the lower end. [7] The size of the N-filter is based on the 1mm by 1mm size of an 200MHz LC
bandpass filter that had a Q-factor of 100 [8].

Table 1.1: Requirements for N-path Filter Design

Requirement Value

Clock range 100MHz to 1GHz
Quality factor Greater than 1000
Stopband attenuation More than 10dB

Total size 1mm by Immon an IC




Chapter 2
DESIGN AND SETUP

2.1 Design and Justification

The main subcomponent of the N-path filter is the transmission gate. This is due to it
being the main controller that connects the input clock signals to the capacitors. Ideally this would
be a switch, however, to implement it for both positive and negative voltage systems, a
transmission gate is necessary.
The main structure of the transmission gate is shown in Figure 2.1, which consists of two PMOS
and two NMOS transistors. The two transistors on the left act as a transmission gate. So, when
the control internal signal goes high and the control internal bar signal goes low the input Vin is
able to propagate to the output. The two additional transistors on the right are used to reduce
feedthrough during switching. The transmission gate PMOS and NMOS were sized to have the

same amount of attenuation of the input signal for both positive and negative input voltages.

“ol_interndal

Figure 2.1: Transmission Gate
The transmission gate is controlled by two control signals. These signals are generated

by an ideal clock fed into the inverter chains shown in Figure 2.2. For the N-path filter the clock is

10



assumed to be generated externally. The external source is simulated bv using an ideal voltage
source pulse train. However, if this signal were to be directly connected to the transmission gate,
the results would be more accurate than an actual implementation. The clock generates an ideal
pulse with every harmonic present. However, in actual implementations, such as a ring oscillator,
the signal will not be a perfect pulse. To decrease these idealities the input clock is sent through a
chain of inverters as shown in Figure 2.2. The inverters take the ideal signal and add the missing

idealities such as rounding the signal and some additional phase noise.

cl_internal2| .

. Coptrel_intarnal’| .
netl

Figure 2.2: Transmission Gate Inverter Chain

Using the transmission gate, the full N-path filter can be constructed. Shown in Figure 2.3
and Figure 2.4 are the completed N-path filter consisting of 8 sets of transmission gates, 8
capacitors and a single resistor. The values chosen for these parts were based around both the
filter parameters and the space required for each component. For the N-path filter, a majority of
the space is taken by the capacitors. In order to mitigate the large capacitor size, the resistor was

increased in size and the capacitor decreased to maintain the proper RC constant. The values

11



used for the resistor and capacitors were 558k and 8.96pF respectively. In order to fully get

8.96pF for each capacitor in the layout.

Figure 2.4: N-path Filter Full Schematic Zoomed In

For ease of testing a symbol was made to represent the N-path filter as shown in Figure

2.5. There are 9 inputs to the N-path filter. One input is for the input signal that is to be filtered

12



and the other 8 inputs are for the clocks used to turn on and off the transmission gates. The

single output is located on the right for the filter output.

Figure 2.5: N-path Filter Symbol
2.2 Testbench Setup
The testbench shown in Figure 2.6 of the N-path filter consists of voltage sources that
represent the input signals and clock. The testbench allows for more automated testing and
increased clarity for what inputs go into the system. Additionally, a bootstrapping circuit is used

on the right of the output.

VinNpath

Figure 2.6: N-path Filter Testbench

The bootstrapping circuit shown in Figure 2.6 consists of the voltage source and
transmission gate that allows the input signal to directly pass into the output of the N-path filter.
The output of the circuit is directly connected to the internal transmission gates and capacitors of
the filter. This effectively bypasses the resistor and reduces the RC charge time of the circuit
drastically as the only resistance seen from this connection is the internal resistance of the
transmission gate. The bypassing allows all the capacitors to charge at extremely fast rates. After

13



400 clock cycles of the N-path filter, the bootstrap transmission gate is turned off as shown in
Figure 2.9. From there, the N-path filter quickly reaches its normal steady state operation. Without
the bootstrapping circuit, as shown in Figure 2.8, the filter takes 2us to reach steady state. The
bootstrapping circuit allows for the N-path filter to reach steady state in 0.5us. This decrease in
time allows for decreased simulation times by a factor of 4 to reach steady state for the N-path

filter. The simulation time per transient analysis decreased from 15 minutes to 4 minutes.

Figure 2.7: N-path Filter Bootstrap in Schematic

Figure 2.8: N-path Filter Simulation 1GHz Input without Bootstrap

Figure 2.9: N-path Filter Simulation 1GHz Input with Bootstrap



2.3 Test procedure

Due to the mixed circuit proprieties, different test procedures had to be done in order to
obtain the desired properties of the N-path filter. Traditionally, a frequency sweep would be run on
a normal RC filter. However, a frequency sweep cannot be performed due to the transmission
gates and the filter working through a method more similar to sampling rather than a simple
transfer function. This requires transient simulations for each test to be run. To get a full picture,
tests had to be run en mass. This was accomplished through parametric analysis an example of
which is shown in Appendix C. After the parametric analysis, MATLAB was used to manage the

large amount of raw transient data.

15



Chapter 3
ANALYSIS AND RESULTS
3.1 Analysis
The upper goal of 1GHz clock frequency was chosen for most of the tests. Shown in
Figure 3.1 is the transient steady state response of the filter. The input for this system was a 1V
peak to peak sine wave. Due to the N-path filter itself there are 8 discrete regions per period. The
N-path filter output has a amplitude 0.2 V less than the input 1V peak to peak input signal. This

0.2V drop shows that the filter passes through the center frequency.

0.8 A ~\
06t \ [
0.4}

ozt | | ,' !

6.31 6.315 6.32 6.325

Figure 3.1: Steady State Transient Output
Additionally, there is some distortion as shown at the peaks of the sine waves. This
distortion is caused by the speed of the inverter chains of the transmission gates. The NMOS and
PMOS turn on and off at a delay from each other. At each switch there is 50ps of overlap where
both the PMOS of the previous cycle and NMOS of the current transmission gate are on at the
same time as shown in Figure 3.2. This overlap is the source of the distortion as both

transmission gates are fighting to output their voltages.

16



Figure 3.2: PMOS and NMOS Overlapping

The most critical parameter is the frequency response of the data because this defines

the operation of the N-path filter. At 1GHz clock frequency, the following plot response is

produced in Figure 3.3. This analysis was done using ADE-L where each point represents a

separate transient analysis. The bandpass region located at 1GHz is narrow appearing a straight

line in this current plot. As shown by the data, the harmonics of the system have very large

magnitudes. This is expected based on the operation of the non-differential N-path filter as

discussed previously. From this plot the stopband attenuation can be determined to be 11dB

based on the passband magnitude and the stopband magnitude.

Vout (dB)

Frequency Response of N-Path Filter with 1GHz Clock
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Figure 3.3: Frequency Response for 1GHz Clock
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To better understand the bandpass a parametric analysis with 50 points consisting of
5GB of transient data was run. Figure 3.4 shows the frequency response at 8MHz window around
the center frequency. At 1GHz the loss is about -3.3dB. The cutoff frequency on the left is

999,516,000Hz and on the right side is 1000,350,000Hz. The total bandwidth of the N-path filter

is 833,300 Hz about the center frequency. This results in a Q factor of 1200.

Frequency Response of Filter about Center Frequency
/-
25 /| X0.99995
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X 0.999244 | / §
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> 8t \
!
III
-0
P \
P Y
- Y
azf T TN
14 . . . . .
0.996 0997 0998 0.99 1 1.001  1.002 1.003 1.004
Input Frequency (GHz)

Figure 3.4: Frequency Response about Center Frequency 1GHz
The magnitudes of the output for different clock and input frequency combinations are
shown in Figure 3.5. The three plots shown allow for the total range of the filter to be determined
The blue line signifies when the clock and the input frequency match. Ideally, the N-path filter
should always respond with fairly low loss. The plots shows that from 10MHz to 750MHz the
output magnitude remains constant at -1.2dB. After 750MHz, the magnitude of the output does
begin to drop off. This drop off defines the upper range of the filter to be around 1GHz because
after this point, the filter loses more of the signal that should be passed through. This upper range
found defines the upper range of the N-path filter to be 1GHz.
The orange and red lines represent signals that should ideally be filtered out by the N-path filter.
The values of the input frequency of these lines are 0.8 and 1.2 times the clock frequency. For

example, at 1GHz the frequencies of 800MHz and 1.2GHz should be filtered out. Looking at the

18



plot at 1GHz there is a loss of -10.1dB and -12.6dB respectively. However, at frequencies below
750MHz, the N-path filter passes through out of band signals at -5dB. This defines the main lower
band of the N-path filter to be 750MHz.

These sets of plots define the main operation frequencies of the N-path filter to be 750MHz to
1GHz, however some filtering does occur outside of this band. At frequencies below 750MHz the
signals outside of the bandpass only have a -5dB magnitude. Above 1GHz the passed
frequencies begin to attenuate more. This -5dB comes from the RC constant being too small at
lower frequencies which results in the capacitors having enough time to charge up to the input
voltage through a single period of the clock. The passband signals are still preferred at they don’t

spend time charging at steady state unlike the stopband. This leads to the slight stopband

attenuation shown at the lower frequencies.

Frequency Response for Various Clock and Input Frequencies
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Figure 3.5: Frequency Response for Various Clock and Input Frequencies
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3.2 Size Analysis

The size of the N-path filter is mainly comprised of the capacitors, which accounts for
around 85% of the total layout area. The total area required for the N-path was 800um by 800um,
which is the smaller than the goal of 1mm by 1mm. The full layout of the N-path filter is shown in
Figure 3.6. The large areas of red squares are the metal plates used to create the capacitors. The
rectangle at the top of the image is a line of polymer that snakes around to form the 558kQ
resistor for the filter. The total area of the capacitors was reduced by increasing the resistor size
as the main importance of the filter is to maintain the same RC constant. However, increasing the
resistance does put more load on the filter input. 558kQ was chosen for the maximum value
because it allowed for multiple capacitors of maximum sizing without sacrificing the performance

of the filter.

Figure 3.6: Layout showing Size of N-path Filter

20



3.3 Final Results

Table 3.1: Results for N-path Filter Design

Requirement

Goal

Actual

Clock range 100MHz to 1GHz 750MHz to 1GHz
Quality factor Greater than 1000 1200
Stopband attenuation More than 10dB 11dB

Total size

1mm by Immonan IC

800um by 800um

21




Chapter 4
CONCLUSION

An N-path filter was successfully designed, tested, and analyzed using TSMC
technology. This process took a different approach to analyzing data due to the limits of
frequency responses and the complexity of mixed circuit analysis. The analysis consisted of
hundreds of transient simulations using ADE-L and its parametric analysis. The simulation
process was greatly reduced in complexity and time requirements by introducing a novel
bootstrapping circuit. Through the analysis, the frequency response and other tests were able to
be compiled and analyzed in MATLAB. Through this mixed signal analysis, other projects may be
able to use this information for their own simulations.

From the N-path data collected, many of the goals of the system were met. The
bandwidth of the filter was narrow with only an 8.33 kHz bandwidth for a 1GHz center frequency.
This calculated to a Q-factor of 1,200 which is above the original goal of 1,000. This Q-factor is
equivalent to that of a tuning fork which shows that N-path filter have the potential in sharpness
and tunability to be used as RF receivers in the future.

One goal not met by the N-path filter was the tunable center frequency of 100MHz to
1GHz. The N-path filter did meet this upper range however it failed to attenuate the out of band
frequencies when the center frequency was reduced below 750MHz. The tunable center
frequency tested for the N-path filter designed was 750MHz to 1GHz.

The size requirement of the filter was also met as the area of the components for the IC
was 800um by 800um. This reached the intended goal of reducing the size below 1mm by 1mm

which was the size of a comparable LC filter.

4.1 Future work

N-path filters have the potential to continue to reach higher center frequencies with an
extremely high Q-value. This lends itself well to RF filters, especially having a tunable center
frequency without the need for different circuitry. For the future it would be beneficial to truly

manufacture an N-path filter IC to properly test its effectiveness.
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There are also many aspects of this current work that could be expanded upon such as
increasing the range, increasing the Q-factor through optimization and potentially other circuit
designs. One such way the even harmonics could be eliminated would be through turning the
non-differential N-path filter into a differential N-path filter.

One final path to explore would be through the clock generation. The N-path filter used in
this project had ideal clock inputs. However there are many ways these clock sequences could be
generated. Some potential designs include Delay or Phase locked loops, ring oscillators and
more. These options should be explored to increase the research into the viability of N-path

filters.
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APPENDIX A
MATLAB Code to generate N-path diagrams:

figure(1)
freq=1E9
w=freq*2*pi
t=(0:0.01:2*pi)/w;
a=sin(t*w);
plot(t,a)

clock_freq=1E9;
cap_ontime=(1/clock_freq)*(1/8);
capval=[0,0,0,0,0,0,0,0];
count=[0,0,0,0,0,0,0,0];
linecolors=["r","g","b","bl","bl","bI","bI","bl"]
fori=1:8

offset=(i-1)*cap_ontime;

for j=1:length(t)

if offset<=t(j) && t(j)<cap_ontime+offset
capval(i)=capval(i)+a(j);
count(i)=count(i)+1;
end

end

capval(i)=capval(i)/count(i);

line([0+offset,cap_ontime+offset],[capval(i),capval(i)],'Color',linecolors(i), LineWidth', 1.5)

line([offset,offset],[-1,1],'Color','bl','LineWidth’, 0.5,"LineStyle","--")
end
%%
figure(2)
freq=0.5E9
w=freq*2*pi
t=(0:0.01:2*pi)/w;
a=sin(t*w);
plot(t,a)

clock_freq=1E9;
cap_ontime=(1/clock_freq)*(1/8);
capval=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0];
count=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0];
linecolors=["r","g","b","bl","bl","bI","bI","bl","r","g","b","bl","bI","bI","bl","bl"]
for i=1:16

offset=(i-1)*cap_ontime;

for j=1:length(t)

if offset<=t(j) && t(j)<cap_ontime+offset
capval(i)=capval(i)+a(j);
count(i)=count(i)+1;
end

end

capval(i)=capval(i)/count(i)/16;

line([O+offset,cap_ontime+offset],[capval(i),capval(i)],'Color'linecolors(i), LineWidth', 1.5)

line([offset,offset],[-1,1],'Color','bl','LineWidth', 0.5,"LineStyle","--")
end
%%
figure(3)
freq=2E9
w=freq*2*pi
t=(0:0.01:4*pi)/w;
a=sin(t*w);
plot(t,a)

clock_freq=1E9;
cap_ontime=(1/clock_freq)*(1/8);
capval=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0];
count=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0];
linecolors=["r","g","b","bI","bl","bI","bI","bI","r","g","b","bI","bI","bI","bI","bI"]
for i=1:8

offset=(i-1)*cap_ontime;

for j=1:length(t)

if offset<=t(j) && t(j)<cap_ontime+offset
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capval(i)=capval(i)+a();
count(i)=count(i)+1;
end
end
capval(i)=capval(i)/count(i);
line([0+offset,cap_ontime+offset],[capval(i),capval(i)],'Color',linecolors(i), LineWidth', 1.5)
line([offset,offset],[-1,1],'Color','bl','LineWidth', 0.5,"LineStyle","--")
end
%%
figure(4)
freq=1E9
w=freq*2*pi
t=(0:0.01:2*pi)/w;
x=0*t;
a=0.5*awgn(x,1);
plot(t,a,'LineWidth’, 0.1)

clock_freq=1E9;
cap_ontime=(1/clock_freq)*(1/8);
capval=[0,0,0,0,0,0,0,0];
count=[0,0,0,0,0,0,0,0];
linecolors=["r","g","b","bl","bl","bI","bI","bl"]
for i=1:8
offset=(i-1)*cap_ontime;
for j=1:length(t)
if offset<=t(j) && t(j)<cap_ontime+offset
capval(i)=capval(i)+a(j);
count(i)=count(i)+1;
end
end
capval(i)=capval(i)/count(i)/8;
line([0+offset,cap_ontime+offset],[capval(i),capval(i)],'Color'linecolors(i), LineWidth', 1.5)
line([offset,offset],[-1,1],'Color','bl','LineWidth’, 1.5,"LineStyle","--")
end
ylim([-1,1])
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APPENDIX B
Parametric Analysis Example

|
Parametric Analysis - spectre(5): NPath testbench2 schematic - o x
Eile Analysis Help cadence |
Il Running vinfreq=2.996e+09 4 remaining
— % )4 QL | Run Mode: Sweeps & Ranges oo
g% OO 0 psaranges ) O Q 00| ;
Variable | wvalue | Sweep? | RangeType | From | To | StepMode | TotalSteps | Inclusion List Exclusion List
vinfreq 1G o From/To 1.996G 2.004G Linear 5 26 :
n
0%
simulate.. =
45 | Select a Run Mode

Figure B.1: Example of Parametric Analysis Setup to Measure Frequency Response 2GHz Input

Signal for a 1GHz Clock

ADE L (6) - NPath testbench2 schematic - o x
Launch 5Session  Setup Analyses Variables Outputs 5Simulation Results Tools Help C 5 dence
e =
I @lir &= Aade
7R X
Design Variables Analyses \—‘é"\—'l -t;cl:
Type | Enable Arguments Ctrans
S | Value | 1 tra:P | [V |tnutput1u |
1 clkvdd 1.8 |- — @
2 clkvss -1.8 It:-
[— =+
3 numiclk ]
4 vinphase 0 #
5 clkfreq 1G a
Qutputs il
Qunfrea ___[19%6 | - 1o
- Mame/Signals Val Plot | 5 Sawve Opti s
- telk Afclkfreg ame/Signal/Expr | aue| | ave | we Options | O
= 1 Vout w W allv e
g tbootstrap A00*tclk |— &
- 2 Vin o |amw W
a toutput 500*tclk — -
= 3 | ClkOin s |l aliv
A 2R Dt nn ;
Plot after simulation:  AUtO Plotting mode: APPend n

> Results in ...r/homeF21/nbergen/simulation/te

22(38) | Running tran (Est. time left: SMin:0Sec)

2% | | Status: Setting vinfreq = 1996000000... | T=27C | Simulator: s

Figure B.2: Example of Parametric Analysis Setup to Measure Frequency Response 2GHz Input

Signal for a 1GHz Clock
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APPENDIX C
Processed Data

Table C.1: Processed Data Frequency Response

Frequency Vout(dB) Frequency Vout(dB) Frequency Vout(dB) Frequency Vout(dB
9.9602E+08 | -11.87 7.0882E+09 | -15.54 1.0015E+09 -11.82 4.0012E+09 ?14.06
9.9612E+08 -11.82 7.3794E+09 -15.70 1.0016E+09 -11.78 4.0016E+09 -14.14
9.9622E+08 | -11.79 7.6706E+09 | -15.85 1.0017E+09 -11.77 4.0019E+09 -14.32
9.9632E+08 | -11.79 7.9618E+09 | -16.01 1.0018E+09 -11.83 4.0023E+09 -14.43
9.9642E+08 -11.80 8.0000E+09 -15.22 1.0019E+09 -11.92 4.0026E+09 -14.40
9.9652E+08 | -11.84 8.2529E+09 | -16.16 1.0020E+09 -12.05 4.0030E+09 -14.39
9.9663E+08 -11.88 8.5441E+09 -16.32 1.0021E+09 -12.18 4.0033E+09 -14.42
9.9673E+08 -11.91 8.8353E+09 -16.48 1.0022E+09 -12.30 4.0037E+09 -14.35
9.9683E+08 | -11.93 9.0000E+09 | -16.16 1.0023E+09 -12.40 4.0040E+09 -14.28
9.9693E+08 | -11.93 9.1265E+09 | -16.63 1.0024E+09 -12.50 1.9960E+09 -12.13
9.9703E+08 -11.89 9.4176E+09 -16.78 1.0025E+09 -12.58 1.9963E+09 -12.03
9.9713E+08 | -11.83 9.7088E+09 | -16.94 1.0026E+09 -12.64 1.9967E+09 -11.91
9.9723E+08 -11.76 1.0000E+10 -16.33 1.0027E+09 -12.70 1.9970E+09 -11.75
9.9733E+08 | -11.67 1.9960E+09 | -12.13 1.0028E+09 -12.73 1.9974E+09 -11.50
9.9743E+08 -11.57 1.9963E+09 -12.03 1.0029E+09 -12.74 1.9977E+09 -11.19
9.9753E+08 -11.47 1.9967E+09 -11.91 1.0030E+09 -12.73 1.9981E+09 -10.78
9.9763E+08 | -11.36 1.9970E+09 | -11.75 1.0031E+09 -12.69 1.9984E+09 -10.20
9.9773E+08 -11.23 1.9974E+09 -11.50 1.0032E+09 -12.63 1.9988E+09 -9.21
9.9783E+08 -11.10 1.9977E+09 -11.19 1.0033E+09 -12.56 1.9991E+09 -7.48
9.9793E+08 | -10.97 1.9981E+09 | -10.78 1.0034E+09 -12.50 1.9995E+09 -5.10
9.9804E+08 | -10.85 1.9984E+09 | -10.20 1.0035E+09 -12.46 1.9998E+09 -3.58
9.9814E+08 | -10.76 1.9988E+09 | -9.21 1.0036E+09 -12.44 2.0000E+09 -3.91
9.9824E+08 -10.72 1.9991E+09 -7.48 1.0037E+09 -12.45 2.0002E+09 -5.01
9.9834E+08 | -10.71 1.9995E+09 | -5.10 1.0038E+09 -12.47 2.0005E+09 -8.04
9.9844E+08 -10.71 1.9998E+09 -3.58 1.0039E+09 -12.52 2.0009E+09 -10.51
9.9854E+08 -10.67 2.0000E+09 -3.91 1.0040E+09 -12.57 2.0012E+09 -11.91
9.9864E+08 | -10.46 2.0002E+09 | -5.01 1.0000E+08 -12.82 2.0016E+09 -12.58
9.9874E+08 | -10.01 2.0005E+09 | -8.04 3.9118E+08 -12.83 2.0019E+09 -12.89
9.9884E+08 | -9.27 2.0009E+09 | -10.51 6.8235E+08 -12.85 2.0023E+09 -13.09
9.9894E+08 | -8.28 2.0012E+09 | -11.91 9.7353E+08 -12.82 2.0026E+09 -13.21
9.9904E+08 -7.16 2.0016E+09 -12.58 1.2647E+09 -12.95 2.0030E+09 -13.26
9.9914E+08 | -6.02 2.0019E+09 | -12.89 1.5559E+09 -13.00 2.0033E+09 -13.27
9.9924E+08 -4.95 2.0023E+09 -13.09 1.8471E+09 -13.07 2.0037E+09 -13.27
9.9935E+08 -3.98 2.0026E+09 -13.21 2.1382E+09 -13.19 2.0040E+09 -13.28
9.9945E+08 | -3.16 2.0030E+09 | -13.26 2.4294E+09 -13.27 9.9000E+08 -12.68
9.9955E+08 | -2.50 2.0033E+09 | -13.27 2.7206E+09 -13.36 1.0100E+09 -12.97
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9.9965E+08 -1.99 2.0037E+09 | -13.27 3.0000E+09 -5.74 1.9900E+09 -12.82
9.9975E+08 -1.65 2.0040E+09 | -13.28 3.0118E+09 -13.69 2.0100E+09 -13.32
9.9985E+08 -1.47 3.9960E+09 | -13.11 3.3029E+09 -13.61 2.9900E+09 -13.15
9.9995E+08 -1.44 3.9963E+09 | -13.03 3.5941E+09 -13.73 3.0100E+09 -13.73
1.0001E+09 -1.58 3.9967E+09 | -12.98 3.8853E+09 -13.84 3.9900E+09 -13.63
1.0002E+09 -1.88 3.9970E+09 | -12.86 4.1765E+09 -14.01 4.0100E+09 -14.15
1.0003E+09 -2.33 3.9974E+09 | -12.71 4.4676E+09 -14.13 4.9900E+09 -14.18
1.0004E+09 -2.95 3.9977E+09 | -12.50 4.7588E+09 -14.27 5.0100E+09 -14.59
1.0005E+09 -3.74 3.9981E+09 | -12.30 5.0000E+09 -9.49 5.9900E+09 -14.80
1.0006E+09 -4.69 3.9984E+09 | -11.92 5.0500E+09 -14.46 6.0100E+09 -15.06
1.0007E+09 -5.78 3.9988E+09 | -11.32 5.3412E+09 -14.57 6.9900E+09 -15.41
1.0008E+09 -7.00 3.9991E+09 | -10.93 5.6324E+09 -14.72 7.0100E+09 -15.54
1.0009E+09 -8.28 3.9995E+09 | -9.29 5.9235E+09 -14.87 7.9900E+09 -15.99
1.0010E+09 -9.52 3.9998E+09 | -6.77 6.0000E+09 -11.19 8.0100E+09 -16.07
1.0011E+09 -10.57 4.0000E+09 | -9.51 6.2147E+09 -15.06 8.9900E+09 -16.58
1.0012E+09 -11.31 4.0002E+09 | -10.56 6.5059E+09 -15.22 9.0100E+09 -16.55
1.0013E+09 -11.70 4.0005E+09 | -10.30 6.7971E+09 -15.36 9.9900E+09 -17.12
1.0014E+09 -11.82 4.0009E+09 | -12.55 7.0000E+09 -13.20 1.0010E+10 -17.06
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Table C.2: Processed Data for Frequency Response to Various Clock and Vin Frequencies

Vout (dB)
clkfreq vinfreq=clkfreq | vinfreq=0.8*clkfreq | vinfreq=1.2*clkfreq
1.00E+07 -0.411 -3.616 -3.537
1.10E+07 -0.412 -3.743 -3.636
1.20E+07 -0.418 -3.863 -3.741
1.32E+07 -0.421 -3.980 -3.837
1.45E+07 -0.429 -4.135 -3.982
1.58E+07 -0.466 -4.250 -4.041
1.74E+07 -0.436 -4.268 -4.144
1.91E+07 -0.411 -4.335 -4.138
2.09E+07 -0.500 -4.427 -4.212
2.29E+07 -0.512 -4.416 -4.325
2.51E+07 -0.420 -4.426 -4.273
2.75E+07 -0.578 -4.631 -4.491
3.02E+07 -0.414 -4.451 -4.341
3.31E+07 -0.414 -4.517 -4.382
3.63E+07 -0.497 -4.644 -4.517
3.98E+07 -0.527 -4.650 -4.492
4.37E+07 -0.633 -4.788 -4.654
4.79E+07 -0.514 -4.585 -4.570
5.25E+07 -0.555 -4.699 -4.664
5.75E+07 -0.658 -4.811 -4.736
6.31E+07 -0.429 -4.609 -4.501
6.92E+07 -0.430 -4.668 -4.634
7.59E+07 -0.496 -4.737 -4.539
8.32E+07 -0.437 -4.736 -4.646
9.12E+07 -0.439 -4.643 -4.610
1.00E+08 -0.461 -4.660 -4.574
1.10E+08 -0.656 -4.867 -4.708
1.20E+08 -0.474 -4.693 -4.751
1.32E+08 -0.473 -4.727 -4.630
1.45E+08 -0.651 -4.865 -4.826
1.58E+08 -0.669 -4.826 -4.834
1.74E+08 -0.475 -4.632 -4.609
1.91E+08 -0.621 -4.867 -4.799
2.09E+08 -0.463 -4.661 -4.644
2.29E+08 -0.535 -4.765 -4.704
2.51E+08 -0.542 -4.733 -4.757
2.75E+08 -0.649 -4.827 -4.776
3.02E+08 -0.479 -4.712 -4.699
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3.31E+08 -0.567 -4.765 -4.761
3.63E+08 -0.557 -4.740 -4.738
3.98E+08 -0.558 -4.738 -4.725
4.37E+08 -0.574 -4.773 -4.748
4.79E+08 -0.554 4772 -4.778
5.25E+08 -0.565 -4.762 -4.780
5.75E+08 -0.553 -4.771 -4.756
6.31E+08 -0.586 -4.749 -4.659
6.92E+08 -0.603 -4.812 -12.989
7.59E+08 -0.683 -4.857 -13.065
8.32E+08 -1.190 -4.813 -12.842
9.12E+08 -1.259 -4.653 -12.691
1.00E+09 -1.479 -10.075 -12.562
1.10E+09 -1.858 -13.142 -12.344
1.20E+09 -2.016 -13.026 -11.856
1.32E+09 -2.217 -12.947 -11.241
1.45E+09 -2.530 -12.721 -10.831
1.58E+09 -2.814 -12.539 -10.372
1.74E+09 -3.020 -12.171 -9.974
1.91E+09 -3.271 -11.736 -9.256
2.09E+09 -3.709 -11.175 -7.993
2.29E+09 -4.212 -10.820 -6.501
2.51E+09 -4.614 -10.443 -5.971
2.75E+09 -5.067 -9.938 -5.625
3.02E+09 -5.506 -9.421 -5.416
3.31E+09 -5.805 -8.185 -5.627
3.63E+09 -6.423 -7.728 -6.229
3.98E+09 -6.898 -7.596 -6.826
4.37E+09 -7.533 -7.707 -7.515
4.79E+09 -8.132 -8.137 -8.149
5.25E+09 -8.900 -8.926 -8.846
5.75E+09 -9.514 -9.523 -9.543
6.31E+09 -10.297 -10.306 -10.298
6.92E+09 -10.991 -10.995 -11.045
7.59E+09 -11.793 -11.826 -11.778
8.32E+09 -12.527 -12.550 -12.580
9.12E+09 -13.363 -13.353 -13.355
1.00E+10 -14.114 -14.123 -14.139
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APPENDIX D

MATLAB Code to Process Parametric Analysis
data=TestlGAllData;

data array=tableZarray(data(:,2:2:end));

data array time=table2array(data(:,1:2:end));

rmsvals=rms (data_array);

dboutput=20*10ogl0 (rmsvals)-20*1ogl0(0.707) ;
names=insertAfter (erase (erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreg'),' Y
el )

fregs=str2double (names) ;

figure (1)

plot (fregs, dboutput)

xlabel ('Input Frequency (GHz)')

ylabel ('Vout (dB) ")

title('Frequency Response of Filter about Center Frequency')

figure (10)

plot(data array time(:,41),data array(:,41))
figure (11)

plot (data array(:,41))

figure (15)

fregs_total=fregs;

dboutput total=dboutput;

scatter (fregs,dboutput)

xlabel ('Input Frequency (GHz)')

ylabel ('Vout (dB)"')

title ('Frequency Response of Filter about Center Frequency')
hold on

data=rmmissing (TestlGSmaller);

data_array=tableZarray(data(:,2:2:end));
rmsvals=rms (data_array);
dboutput=20*10gl0 (rmsvals)-20*1ogl0(0.707) ;

names=insertAfter (erase (erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreq'),' V¥
.1,

fregs=str2double (names) ;

figure (2)

plot (fregs,dboutput)

xlabel ('Input Frequency (GHz)')

ylabel ('Vout (dB) ")

title('Frequency Response of Filter about Center Frequency')

data=rmmissing (clksweepexact) ;

data_ array=table2array(data(:,2:2:end));
rmsvals=rms (data array);
dboutput 1=20*10gl0 (rmsvals)-20*10gl10(0.707) ;

names=erase (erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreq'),"' Y');
for i=1:length (names)
if contains(names (i) ,'e")

names (i) =insertAfter (names(i),1,'.");
end
end
fregs l=str2double (names) ;
figure (3)

semilogx (fregs_1,dboutput 1)

xlabel ('Clock Frequency (GHz)')

ylabel ('Vout (dB)")

title('Center Frequency Response for Vin Frequency = Clock Frequency')
hold off

data=rmmissing (clksweepexact08) ;

data array=table2array(data(:,2:2:end));

rmsvals=rms (data_array) ;
dboutput 08=20*10gl0 (rmsvals)-20*10gl0(0.707);
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names=erase (erase (data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreq'),"' Y'");
for i=1:length (names)
if contains(names (i) ,'e'")

names (i) =insertAfter (names(i),1,"'.");
end
end
fregs 08=str2double (names) ;
figure (4)

semilogx (fregs 08,dboutput 08)

xlabel ('Clock Frequency (GHz)')

ylabel ('Vout (dB) ")

title ('Frequency Response for Vin Frequency = 0.8*Clock Frequency')
hold off

data=rmmissing (clksweepexactl?2) ;

data array=tableZarray(data(:,2:2:end));
rmsvals=rms (data_array);
dboutput 12=20*10gl0 (rmsvals)-20*1ogl0(0.707) ;

names=erase (erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreq'),"' Y'");
for i=1:1length (names)

if contains(names (i) ,'e")

names (i) =insertAfter (names(i),1,'.");

end
end
fregs_12=str2double (names) ;
figure (5)
semilogx (fregs_12,dboutput_12)
hold off
xlabel ('Clock Frequency (GHz)')
ylabel ('Vout (dB) ")
title ('Frequency Response for Vin Frequency = 1.2*Clock Frequency')
figure (6)
semilogx (freqgs 1,dboutput 1, fregs 08,dboutput 08, fregs 12,dboutput 12)
hold off
legend ('VinFreg=ClkFreq', 'VinFreg=0.8*ClkFreq', 'VinFreg=1.2*ClkFreq')
xlabel ('Clock Frequency (GHz)')
ylabel ('Vout (dB) ")
title ('Frequency Response for Various Clock and Input Frequencies')
figure (7)
plot (fregs_1,dboutput 1, freqgs 08,dboutput 08, fregs 12,dboutput 12)
hold off
legend ('VinFregq=ClkFreq', 'VinFreqg=0.8*ClkFreq', 'VinFreg=1.2*ClkFreq"')
xlabel ('Clock Frequency (GHz) ')
ylabel ('Vout (dB) ")
title ('Frequency Response for Various Clock and Input Frequencies')

data=rmmissing (Test1G2G) ;

data_ array=table2array(data(:,2:2:end));
rmsvals=rms (data array);
dboutput=20*1ogl0 (rmsvals)-20*1ogl0 (0.707) ;

names=insertAfter (erase(erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreg'),' Y
.1,

fregs=str2double (names) ;

figure (8)

semilogx (fregs, dboutput)

hold off

xlabel ('Input Frequency (GHz)')

ylabel ('Vout (dB) ")

title('Frequency Response of Filter about 2*Center Frequency')

o
o

data=rmmissing (fregresponse) ;
data array=tableZarray(data(:,2:2:end));

rmsvals=rms (data array);
dboutput=20*10gl0 (rmsvals)-20*1ogl0(0.707) ;
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names=insertAfter (erase (erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreg'),' Y
el

fregs=str2double (names) ;

figure (11)

plot (fregs, dboutput)

xlabel ('Input Frequency (GHz) ')

ylabel ('Vout (dB) ")

title ('Frequency Response of Filter about Center Frequency')
fregs total=cat (2, fregs total, fregs);

dboutput total=cat (2,dboutput total,dboutput) ;

figure (15)

scatter (fregs, dboutput)

data=rmmissing (Test2G) ;

data array=tableZarray(data(:,2:2:end));
rmsvals=rms (data array);

dboutput=20*10gl0 (rmsvals)-20*10gl0(0.707) ;
names=insertAfter (erase (erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreq'),' V¥
T

fregs=str2double (names) ;

figure (12)

plot (fregs,dboutput)

xlabel ('Input Frequency (GHz)')

ylabel ('Vout (dB)"')

title ('Frequency Response of Filter about Center Frequency')
fregs total=cat (2, fregs total, fregs);

dboutput total=cat (2,dboutput total,dboutput);

figure (15)

scatter (fregs, dboutput)

data=rmmissing (Test4G) ;

data_array=table2array(data(:,2:2:end));

rmsvals=rms (data_array);

dboutput=20*1ogl0 (rmsvals)-20*1ogl0 (0.707) ;
names=insertAfter (erase(erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreg'),' Y
.1,

fregs=str2double (names) ;

figure (12)

plot (fregs,dboutput)

xlabel ('Input Frequency (GHz) ')

ylabel ('Vout (dB) ")

title ('Frequency Response of Filter about Center Frequency')
fregs_total=cat (2, fregs_total, fregs) ;

dboutput total=cat (2,dboutput total,dboutput) ;

figure (15)

scatter (fregs,dboutput)

data=rmmissing (freqcorner) ;

data_ array=table2array(data(:,2:2:end));
rmsvals=rms (data array);

dboutput=20*1ogl0 (rmsvals)-20*1ogl0 (0.707) ;
names=insertAfter (erase(erase(data(:,2:2:end) .Properties.VariableNames, 'Voutvinfreg'),' Y
el

fregs=str2double (names) ;

figure (20)

scatter (fregs,dboutput)

xlabel ('Input Frequency (GHz)')

ylabel ('Vout (dB)")

title ('Frequency Response of Filter about Center Frequency')
figure (15)

fregs_total=cat (2, fregs_total, fregs);

dboutput total=cat (2,dboutput total,dboutput);

scatter (fregs,dboutput)

xlabel ('Input Frequency (GHz) ')

ylabel ('Vout (dB) ")

title ('Frequency Response of N-path Filter with 1GHz Clock')
hold off
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figure (16)

scatter (fregs total,dboutput total)

[xsort,isrt] = sort(fregs total);

ysort = dboutput total(isrt);

plot (xsort, ysort)

xlabel ('Input Frequency (GHz) ')

ylabel ('Vout (dB) ")

title ('Frequency Response of N-path Filter with 1GHz Clock')
hold off

frequencyresponsedata=transpose ([xsort;ysort])
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