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24GHz Frequency Synthesizer for Automotive Radar
Applications

Abstract

In the recent years the needs for high integration and low cost wireless
transceiver modules have been raised and the power consumption is a great
consternationfor radio frequency integrated circuit (RFIC) engineers.
Rigorous attempts havebeen made to provide RF systems in the GHz range
using the low-cost and low-power CMOS technology.

Frequency synthesizer (FS) is important part of the automotive radar
system.Low phase noise and high spectrum purity arevital for its good
performance. Frequency synthesizer performs down-conversion and up-
conversion operations in automotive radar system. Frequency synthesizer is
a critical block of an automotive radarsystem, and it has large power
consumption since it operates at a high frequency in the automotive radar
transceiver. The voltage-controlled oscillator (VCO) and the high frequency
divider are the two most important building blocks of frequency synthesizer.
Power consumption and channel selection of frequency synthesizer are
limited by these two critical blocks.

In this thesis, we have carried a detailed analysis on the 24GHz frequency

synthesizer. Thecircuit is designed using 65nm RF CMOS technology.

vil



TheVCO is designed incurrent-reuse technique along with the NMOS cross-
coupled transistors to enhance the negative resistance requirement of
oscillator. Thecurrent-reuse transistors are biased in sub-threshold region to
save power consumption. To improve the phase noise performance in the
designed VCO the N/PMOS cross-coupled transistors operate in differential
mode providing a virtual ground. This virtual ground is connected with
source of NMOS cross-coupled transistors through inductor todecrease the
phase noise.The inductor source tuning technique isalso implemented in
place of tail current shaping transistors used in conventional VCO to
decrease the phase noise.To decrease the power consumption in the
proposed circuit the frequency divider is implemented with master-slave
frequency divider and true-single-phase-clock(TSPC) frequency divider
scheme.

In the designed circuit, the reference frequency is 100MHz, and the
output frequency is24GHz-25.8GHz. The proposed frequency synthesizer
showed low power consumption of 3.52mW with the supply voltage of 0.9V.
The VCO also showed a low phase noise of -117dBc at a frequency of
IMHz and -138.50dBc at 10MHz. The proposed frequency synthesizer

showed a low phase noise of -116.3dBc at IMHz and-134.7dBc at 10MHz.

viil



Chapter 1 Introduction

The development of radio detection and ranging technology has started in
the late 19™ with thediscovery of electromagnetic waves. The first radar
circuit was implemented in the Netherlands at theRotterdam harbor and
demonstrated in 1904 [1]. The first radar was designed to detectand to
avoidcollision between the ships.However, the first prototype was not able
to provide range information. In 1935 aircraft detectionradar was
implemented after that in the Second World War the use of radar is evolved
and it was used for the military purpose. The radar technology has a vast
commercial use.lIt is used inmarine navigation,geological research, air traffic
control, weather forecasting, automotive speed, and collision monitoring.
The advances in low cost and small size of CMOS technologies help to use

radar devicescommercially into automobile and other handheld products.

1.1 Background and Motivation

Automotive radar system is the essentialpart of advanced automobile
driver assistant system since it can detect vehicles position and pedestrians
around the vehicle with high accuracy. As the microwave signal has the
property of low error estimation, it is successful in grabbing the attention of

people towardstraffic safety, and microwave radar plays an important role in



the automotive collision avoidance sensing system. In the real application
environment as shown in Figure 1.1, there will be many transmission signals
from other radar systems. The interference signal would cause detection
error and send a wrong message, which lets the driver make a wrong

judgment.

Interference Signal

Q Main Signal

Observer Vehicle Target Vehicle

Figure 1.1 Interference in automotive radar system.

Automotive radar system includes radar frontend, analog and digital
circuits, and radar signal processing software. A simple radar system design
method, which includes few modeling tools and needs a little effort in
parameter “synchronization” is favored.The main frequency bands of radar
applications are 24GHz and 77GHz, and 24GHz is mainstream for the
detection of vehicles position and pedestrians around the vehicle in the

medium-short range and wide beam. For the radar system, modeling,



fabrication and echo signal synchronization has been discussed in [2]. Radar
waveform and signal processing design is done in [3]. Engineering of the
radar circuits is presented in [4]. The simplified radar frontend is shown in
Figure 1.2. The radar is mainly made up by three parts such as frequency

synthesizer, transmitter and receiver.

~ Yt
DDS L PLL ~ X2
e . 4

Base band

Figure 1.2 Block diagram of radar frontend.

1.20Dbjective of Study

The objective for this study is to develop a low-cost, low-power, low-
phase noise and compact frequency synthesizer scheme operating at 24GHz-
25.8GHz for automotive radar applications. This objective is achieved with
the implementations of adaptivehigh speed phase frequencydetector with
dead zone compensation, charge pump with infinitesimally small current

mismatch, active loop filter, finely tuned and low phase noise VCO, and

3



low-powerfrequency divider.Frequency divider is implemented with master-
slave frequency divider and TSPC frequency divider schemefor the 24GHz

automotive radar system.

1.30rganization of Thesis

In chapter 2 of this thesis, we present the design of proposedphase-locked
loop (PLL) based frequency synthesizers. In chapter 3,we discuss and
analyze the performance andresults of the proposed frequency synthesizer.
Chapter 4finally concludes the result and performance summary,and

discusses the future study.

Chapter 2



Design of Frequency Synthesizer

In this chapter, we describe the concept and operating principle of a
typical frequency synthesizer, and describe the design of the

proposedfrequency synthesizer.

2.1 Principles and Basic Concepts for Frequency Synthesizers

A frequency synthesizer by using a clean referencesignal"fof" generates
the channelized frequencies to up-convert the outgoing data for transmission

and down-convert the received signal forprocessing asshown in Figure 2.1.

| s Frequency

i -‘*fouﬂ, fnut.? 3y fnum

Synthesizer

Figure 2.10perational principleof frequency synthesizer.

A basic frequency synthesizer consists of a PLL,VCO with output
frequency f,,; and high-speed frequency divider with division ratio N as a
first stage divider and a series of subsequentfrequency dividers with division

ratio P . Due to the feedback operation, the output frequency of



thesynthesizeris given by
four = N.F.P (2.1)

The requirements of frequency divider forRFfrequency synthesizersare
much different as compared to the low frequency synthesizers. Based on
thetype of frequency division ratio, the frequency synthesizer can be placed
into the followingcategories.

* Integer-N frequency synthesizer, in which the division factor N.F is an
integer number. These frequency synthesizers are suitable for applications in
whichlow resolution is required.

* Fractional-N frequency synthesizer, in which the division factorN.F is a
fractional number.The fractional division is achieved byemploying multi-
modulus frequency dividers.

Frequency synthesizer schemes include a table-look-up synthesizer,
directsynthesizer and phase-locked loop synthesizer [5].The phase-locked
loop frequency synthesizer has the benefits of high frequency and low
power consumption. Frequency synthesizer designed for this work also

employs the phase-locked loop frequencysynthesizer architecture.



2.2 Design of Proposed Frequency Synthesizer

The block diagram of proposedphase-locked loop-based frequency
synthesizer is shown in Figure2.2. The phase frequency detector (PFD)
detects the difference between inputreference clock "R " of 100MHz and
the output frequency "F,.," of VCO of 24GHz-25.8GHz. Theoutputs "UP"
and "DN" of PFD are directly proportional to the differencebetween the
input frequencies in terms ofphase and frequency. The "UP" and "DN"
signals are connected with the input switches S; and S, of charge pump
(CP), respectively.The CP generates the current, and the magnitude of this
current is proportional to the "UP" and "DN" signals of PFD. This currentis
low-pass filtered by a loop filter. This filtered signal acts as a control
voltage, and controls theoutput frequency and tuning range of a VCO. The
frequency divider (FD) divides the output frequency of the VCO and
feedbacks this frequency to the PFD to compare with the input reference

signal.



' Relk

ctrl

VCO

VCO

) 4

Loop Filter

Frequency Divider f«¢

Figure 2.2Block diagram of proposed frequency synthesizer.

2.2.1Design of Phase-Locked Loop

Phase-lockedloopsare very well suited for integration in a low-cost low-
power CMOS processes.PLL is very effective in the suppression of spurs
and jitters, and it also has very low power dissipation.Due to these benefits
of PLL, it has used inalmost all communicationchips[6].In the frequency
synthesizer design, a large loop bandwidth is required. In conventional PLL
design theloop bandwidth is equals to 1/10th of reference frequency. This
loop bandwidth is necessary for closed loop stability of the frequency

synthesizer.

A 4



2.2.2Design of Phase Frequency Detector

The PFD detects the phase and frequency difference in between the input
clock signals. The proposed PFD isshown in Figure2.3. This circuit has
simple structure and small dimension devices,and provides more stable
operation with respect to input signal variations.In the designed PFD the

number of transistors arereducedas compared to other recently

usedPFDstructures[7].
Vvdd
RCLK ! M1 M4
M7
upP
M2 M5
A M8
vdd
M3 M6 3
..|”—< | M17
L~ {Reset
M9 M12 M18 M19 I——
A +—1 M15 L
DN =
M10 M13
M16
VCLK l M 1 M14
vdd

Figure2.3Design of phase frequency detector.
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The circuit of proposed PFD is designed with modified TSPC flip-flop.
The operation of proposed PFDis very simple.When inputs clocks "Rj"
and "V " at input node, and "Reset" signals are low, the node "A"is
connected to supply voltages "V4q4" through transistorsM1, M2, M10 and
M11, and charges the node "A" to "V44". At the rising edge of inputs, the
output nodeis connected to ground through M5, M6, M12 and M13. Once
the node "A" is charged to "V44", the output node is not affected by input
clock signal, because the charges at node "A" turn off the transistorsM5 and
M13.This prevents the output nodefrom pulled up. Therefore,the output
node is disconnected from input node.When the reset signal is high,
node"A" is disconnected from " Vg4q "through transistors M2 and M10,
andconnected to ground throughM3 and M9. As soon as the node "A"is
discharged, the output node is pulled up through M4 and M14. The M2 and
M10 transistors are added to prevent the short circuit thathappens whenever
the "Reset" signal is high. Moreover, the reset time is increased, because M1
and M11 charge the node "A" to "V4q" while the M3 and M9 discharges
node "A" to ground. Fast discharging node "A" means the fast reset

operation.When the reference input clock "R " is exceeded in phase or

frequency, than the output signal"UP" will be high, and when thefeed-

backed divider signal " Vg, " is exceeded in phase or frequency,

10



signal"DN"will be high.In the proposedPFD, dynamic power consumption
is reduced by lowering the internal switching and speed is increased by

decreasing the input to output path.

2.2.3 Design of Charge Pump

Charge pump (CP) acts as an electronic switch. It also delivers current to
the loop filter,and the magnitude of the current is proportional to the output
signals"UP" and "DN" of PFD[8].

When PLL is in lock condition, the magnitude of current output by the
charge pump is constant. Ideally, in lock state, the current produced by CP
due to the output signals "UP" and "DN" of PFD is equal in magnitude but
opposite in polarities. Thus, the total current is zero and the charge pump

acts as an opencircuit. Theproposed charge pump isshown in Figure 2.4.

11



Vdd

UP‘

M23 —| M26

Mz28
M24 —' M27

M29

1 1

M20

M18 M25

M30

M21

M31

M22

‘ DN

Figure 2.4 Design of charge pump.

The operation of adesigned CP is similar to the conventional tri-state
chargepump. The stand-by currentsource is added in the designed charge
pump to enhance the operational speed and to eliminate the high impedance
state in the conventional chargepump. The stand by current does not affect
theoutput current of CP. In the designed circuitthe transistors M17, M19,
M21, and M24 provide the biasing current for stand-by current sourcesM20,
M25, M30, and M29. The output path has small number of switching states

since the current mismatchcaused by path delay mismatch can bereduced.

12



2.2.4Design of Loop Filter

The output of CP consists of "dc" component and the "ac" component.
This "ac" outputcomponent is composed of high frequencies. The loop filter
filters out these high frequencies. The loop filter integrates the discrete CP
output signal. Loop filter defines the loop bandwidth of the PLL, which has
significant effects on the capture range and jitters. Principally the loop filter
controls the dynamic characteristics of the PLL. Figure 2.5 showsdesign of

proposed active loop filter.

Vdd

M34

——| [m3s — [

B
35 I_ M9 |-— == [
I__

M32 I—
- F’oﬁ M40 |—
|

M43

M37 Ve |—«l5\1/v~—< 41
T =4, —- |

=
w
@w

Figure2.5 Design of loop filter.
In the designed LPFthe cascoded transistors M35, M36, M39 and M40are
a series connection of two conventional MOSFET, andwith an appropriate

aspect ratio, these transistorsoperate as a single long channel
13



transistor.These transistors operate in a saturation regionwithout severe
channel-length modulation effects [9].TransistorsM39 and M40are at non-
inverting node of LPF, and feedback loopis connected at the inverting node
with the transistors M35 and M36.TransistorsM34 and M38 are the current
mirrors. The output of the first stage is the input of the secondcascaded stage.
The second stage provides additional gain. Consisting of transistors M42
and M43, this stage takes the output from the drain of M39 and amplifies it
through transistor M42, which is in the standard common source
configuration. TransistorM43 serves as the load resistance for M42. The
biasing of the LPF is achieved by using transistors M32 and M33. Capacitor

C1 acts as "Millers compensation" capacitor[10].

2.2.5Design of Voltage-Controlled Oscillator

Voltage-controlled oscillator (VCO) is the most important component of
the frequency synthesizer sinceit provides the actual oscillation frequency,
and it defines some of the most important performance parameters of the
frequency synthesizer. For instance, the tuning range of the VCO determines
the range of frequencies generated by the frequency synthesizer. Similarly,
phase noise of the VCO dominates the overall phase noise offrequency

synthesizer. The spectral purity of the frequency synthesizer is also

14



dependent on the VCO. Another important contribution of the VCO is the
power consumption in the overall power budget of the frequency synthesizer.
Therefore, it is evident that aneffective VCO design can ensure a good
frequency synthesizer.

The Schematics of different VCOs are shown inFigure 2.6.The current-
reuse VCO requires less power for starting up the oscillation as compared to
traditional cross-coupled VCO. In current-reuse scheme the switching of
PMOS and NMOS transistors generates negative resistance to compensate
the losses of tank circuit. Due to the difference of transconductance and
parasitic capacitance of the PMOS and NMOS transistors, this scheme
shows the variation in the differential output signals in terms of amplitude
and phase[11].However, source-degeneratedcurrent-reusescheme with a
negative resistance can solve this problem and increases the symmetry of

the differential output signals.

15
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Figure 2.6 Schematics of VCOs, (a) traditional cross-coupled VCO, (b)

traditional current-reuse VCO,and (c) traditional current-reuse VCO with

source degeneration resistance.

The proposed VCO is shown in Figure 2.7. The VCO is designed with
modified current-reuse scheme. The current-reuse scheme is modified with
the implementation of NMOS cross-coupled transistorscascoded with the
N/PMOS transistors of current-reuse scheme.This modified current-reuse
schemeenhances the negative resistance for LC tank circuitand increases the
transconductance of the VCO.To decrease the phase noise and power

consumption in the designed VCO, the N/PMOS cross-coupled transistors

16



are biased in sub-threshold region. These transistors operate in differential
mode and provide a virtual ground. This virtual ground is connected with
source of cascoded NMOS cross-coupled transistors through inductor, and
this inductor acts as inductive source degeneration for NMOS cross-coupled
transistors, and it decreases the phase noise of VCO. The usage of inductor
source tuning technique in place of tail current shaping transistors helps to
reduce the power dissipation and phase noise. The capacitive feedback
technique in discussed [12] is also implemented to improve the voltage
swing. This implemented capacitive feedback technique helps the drain
voltage of M48to oscillate above than the supply voltage and the source
voltage of M49 below the ground. In this VCO design, the parallel
configuration of varactors with source terminals yields a large variation in

the tuning frequency for a small change in voltage.

17
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Figure 2.7Proposed VCO.

The half-circuit equivalent small-signal model of proposed VCO is

depicted in Figure2.8.
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Figure 2.8Small signal half-circuit model of the proposed VCO.

In Figure 2.7 the inductors L; and L are the LC tank inductors with
losses Rpi and Rp respectively, and the inductor L3 is the source-
degenerated inductor for cross-coupled NMOS transistors M50 and M51
with parasitic loss equal to Rps. L3 is connected with virtual ground node X,
this virtual ground node is provided due to the differential operating mode

of N/PMOS transistors M48 and M49. This source-
19



degeneratedinductorLshelps in the decrease of 1/fflicker noise of transistors
M50 and M51.The inductorlossesRei,Rr2and Rpsis equal to  Rpi,3 =

_ (L12,300)*

2
Q123 Ts = e

In half-circuit equivalent small-signal model Figure 2.8the voltage gain
of transistor M50 is shown in Equation (1).

_ (ngO(SZCgSSOL3 + gmsosLs) + (chdso — gmso)(1 + 5%CgssoLiz + 8msoSLs))

A, (2.2)
((chdso)(l + 5%Cgss0lis + gm505L3))
For detail ofEquation (2.2)seeEquation (7) in Appendix.
As s =jw and w >>1, and then we get
1+ 5%CggsoLiz + 8msoSLs = 5%CgssoLliz + gmsoSLs. (2.3)

The expression of A, will be described in equation (2.4).

_ mso t 5Cgas0 = Gmso _

Ay 1 (2.4)

5Cqaso
From A, = 1,we conclude that the NMOS transistor M50 only provides the
negative-resistance in the designed VCO. And the small signal voltage gain

of proposed VCO is shown in Equation (2.5)

A, = Yo —
v = =
Vi
(sCgsag—8ma48)(rgsag8m4s—5C2rgsag=1) | sCgss0
8mas+SCgdas Tdsas t Tdsso
rs4gS(C2+C3+Cgsag)+1+ sLy —Idsag8m48 1+8m50Tdss0+SCgs50rdss0+ sLa 2 5
(14135485C2) (T dsa88m48—TdsagSC2—1) (8m50+5Cgs50)SCgss0 s(c.+c _SCgdso(An-D | 11 ( . )
Tds4a? T 1 2+Cgdagt An FCgss0 ) ¥ rors Ton

—+ +5Cps50+m—
Tdsag”S(C2+C3+Cgsag)+Tdsas* dsSng ~Tdsag?Bmas Tqsso oS0 TSCEsS0TsIg

For detail of Equation (2.5) see Equation (25) in Appendix.
On neglecting the parasitic capacitive components and insertingrygs, ~ o

in Equation (2.5)we get
20



1
s8mag (52(C2+C3)+——58mag) +58mas (Emas—SC2)
L2

= 1 1
(s3C2)(8mas—sC2)—(s2(Cy +C3)+E—ng48)(szcz +i)

Ay (2.6)

For detail of Equation (2.6) see Equation (27.4) in Appendix.
Now by inserting s = jw in Equation (2.6) and equating 4, = 1 we get
W20, 4 CoC5) + W2 (i8mas (€2 — Ca) + W2 (Bmas® + Colimas — 12— 12— 1)

w (e _Jmao) 1 (g 4e? — ) = 0(2.7)
For detail of Equation (2.7) see Equation (32) in Appendix.
On equating the imaginary part equal to zero from Equation (2.7) we get the

expression of oscillation frequency.

- ’ (L1—Lp)
b L2L1(C2—C3)(2'8)

For detail of Equation (2.8) see Equation (33) in Appendix.

On equating the real part equal to 1 from Equation (2.7) we get the start-

up condition of required transconductance for proposed VCO.

C; C C 1
W4(2C22 + C2C3) +w? (gm482 + C28mas — i = L_i s L_i) + (gm482 - E) = 1(2~9)

Whilew = /inl(;—ff)@

The figure of merit (FOM) of proposed VCO is defined in Equation
(2.10).

FOMT = £(Aw) — 20log (Z’—f) : ‘;—3) + 10log (ﬁ)(z.lo)

In Equation (9)L (Aa) represents the phase noise, and Frrepresents tuning

range percent.
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2.2.6Design of Frequency Divider

The design of frequency synthesizer is very important and critical. The
selection of a frequency divider for 24GHz-25.8GHzfrequency synthesizer
needs careful consideration. Frequency divider should be able to cover the
complete VCO tuning range,and it should be able to providecompensation
due to the variations because of atmospheric variables.

In the traditional 24GHz frequency synthesizers, injection locked
frequency divider (ILFD) and current mode logic (CML)frequency divider
are used as a first stage of high frequency divider. The ILFD and CML
frequency dividers operate on high speed and the maximum operating
frequency of these frequency dividers is several GHz. However, the ILFD
and CML frequency dividers also have high power consumption, and these
frequency dividers occupy a large chip area. In the trade-off between the
high speed, high power consumption and large chip area, we designed the
frequency divider thatemploys two D-type latches in amaster-slave
configuration with a negative feedback as afirst stage othighfrequency
divider[13]. The operational speed ofmaster-slave frequency divider is less
as compared to ILFD and CML frequency dividers, but the power
consumption and chip area ofthemaster-slave frequency divider is very

small.
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The conventional master-slave divider includes PMOS transistors in the
signal path to drive the master latch and to slave latch with a single input
signal. These PMOS transistors in the signal path result in decreasing in the
maximum speed of the master-slave divider. To avoid this difficulty, the
proposed master-slave dividerincludes two identical D-type latches that can
be driven by complementary VCO output signals of"'Fyc," and "Fy,".The
proposed first stage of frequency divider for high frequency is shown in

Figure2.9.
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Figure2.9Proposed high frequency divider.

In the master-slave frequency divider each latch consists of transistors
M54 and M55 in the masterlatch and M60 and M61 in the slavelatch to
sense the signal, and transistors M56 and M57in the masterlatch and M62
and M63 in the slavelatch formed by a regenerative loop. The
transistorsM52 and M53 act as pull-up transistorsin the masterlatch, and the

transistors M58 and MS59act as pull-up transistorsin the slavelatch.
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When"F,.," is in high state, transistor M52 and M53are off state, and the
masterlatch operates in the sense mode. When the transistors M58 and M59
are on state the slavelatch operates in the store mode. However, when
"Fyco goes low,the masterlatch operates in thestore mode and slave latch
operates in the sense mode.Whenever master and slavelatchesare in the
sense mode, the output of masterlatch and slavelatch cannot go from low
state to high statedue to the PMOS transistors.

For the low frequency stagesin thedesigned frequency divider, thetrue-
single-phase-clock (TSPC) divider[ 14] is used to further divide the output of
master-slave frequency divider and to get the low frequency equal to
100MHz. This frequency of 100MHz of TSPC divider is feedback to the
PFD for the phase error detection between the input "Rj," signal and output

"Fyco' signal of FS. The TSPC divider is shown in Figure 2.10.
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Chapter 3
Results and Analysis

Simulation results of proposed frequency synthesizer are realized by
using the65nm RF CMOS process with the supply voltage of 0.9V. The
input reference frequency for the FS is 100MHz, and the required output

frequency is 24GHz-25.8GHz.

3.1 Phase Frequency Detector and Charge Pump

The transient simulation results of proposedPFD and CP at 100MHz with
periodic fix phase difference of 90° isshown in Figure 3.1, also Figure 3.2
showsthe transient simulation results of proposedPFDand CP at 100MHz
with non-periodic phase difference. The input reference signal"Rg" is
leading in phase by 90° and the output signal" V" of frequency divider is
leading in phase by 90° inFigures 3.1(a) and 3.1(b), respectively. The
output signal waveforms of the PFD at "UP" and "DN" node, and the output
waveform"CTRL, "of charge pump are also shown in Figure 3.1. The PFD
generates the positive "UP" signal, when the "R " signal exceeds the "V "
signal in phase and whenever the "V, " signal exceeds the positive "DN"
signal in phase. The maximum and minimum magnitudes of

thesegenerated"UP" and "DN" signals are nearly equal to the rail-to-rail
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supply voltages, and the magnitude of "CTRL," is proportional to these

"UP" and "DN"signals. In the designed PFD, the dead zone isreduced to
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Figure 3.2 Timing diagram of PFD and CPwithnon-periodic phase

difference.
3.2 Loop Filter

The unity gain of the designed LPF is shown in Figure 3.3. For low
frequencies the gain is flat and equal to 0dB. Designed LPF allow low
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frequencies to pass until -3dB Cut-off Frequency"F."which is equal to
100MHz. The simulated output signal "CTRL," of CP andoutput

signal"Vine"of LPF is shown in Figure3.4.
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Figure 3.3 Unity gain of designed LPF.
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Figure 3.4 Simulated waveformof (a) CP and (b) LPF.
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3.3 Voltage-Controlled Oscillator

In the proposed VCO, two output buffers in complementary push pull
configuration with feedback resistor are utilized to convert the outputs of the
VCO to 50 load for measuring results.The VCO consumes only 1.83mW
with the supply voltage of 0.9V. This low power consumption is achieved
due to the current-reuse scheme and inductive source-degenerated negative
resistance, and due to the implementation of inductor source tunning

technique.

Figure 3.5 illustrates the phase noise of the designed VCO. The designed
VCO has a phase noise of -117dBc at IMHz and -138.5dBc at 10MHz, and
the VCO without inductive source degenerated negative resistance has a
phase noise of -112.8dBc at IMHz and -133.8dBc at I0MHz. As shown in
Figure 3.5, the phase noise is enhanced by 4dBc as compared VCO without

inductive source degenerated negative resistance.
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Figure 3.5 Open loop phase noise with and without negative resistance.

The symmetrical differential output waveforms "Vou+"and "Vou.", are
shown in Figure 3.6. Theimplemented capacitive feedback technique in
current-reuse scheme helps the drain voltage of PMOS transistor to oscillate
above the supply voltage and source voltage of NMOS transistor to oscillate

below the ground level.

Voltage (mV)

-800 — T T T T T T T
0] 10 20 30 40 50 60 70 80 90
Time (psec)

Figure3.6Differential output signals of VCO.
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Figure3.7shows frequency range with respect to controlled tuned voltages
for the designed VCO. The VCO showed wide frequency tunningrange of

7.5% at the frequency range of 24GHz-25.8GHz.

T T T |

00 01 02 03 04 05 06 07 08 09
Vtune(v)

Figure3.7Frequency range vs tuning voltage.

Due to the asymmetry in the aspect ratio of N/PMOS transistor pair used
in modified current-reuse scheme the start-up time of VCO is decreased [15],
and the designed VCO achieved fast settling time of 3.184ns.

Figure3.8shows the settling time of designed VCO.
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Figure3.8VCO settling time.

3.4 Frequency Divider

A complete transient analysis of proposed frequency divider composed of
master-slave frequency divider for high frequency and TSPC frequency
divider for low frequency is carried out. The frequency divider is simulated
at supply voltage of 0.9V. The differential output signal "Vou+"and "Vou."
of proposed VCO are an input to the proposed high frequency master-slave
frequency divider, and the low frequency output of master-slave frequency
divider is given as an input to the TSPC frequency divider. The multiple

blocks of the TSPC frequency divider continue the frequency division until
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the output signal of 100MHz is achieved. This 100MHz output signal of FD
is feedback to the PFD for the phase correction.Figure3.9shows input and
output waveforms of master-slave frequency divider and TSPC frequency
divider at different stages until the output signal of FD becomes equal to

100MHz.
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Figure3.9(a) VCO output signal of 24GHz, (b) Master-slave FD output of
1.6GHz, (¢) TSPC divider output of 800MHz, (d) TSPCdivider output of
400MHz, (e) TSPC divider output of 200MHz and (f) TSPCdivider output

of 100MHz.

36



3.5 Frequency Synthesizer

The die layout ofproposedfrequency synthesizer is shown in Figure3.10.
The circuit is implemented in 65nm RF CMOS process. The size of the core

cell is 0.35%0.25mm? and the size of die is 0.40x0.30mm?, including a large

area occupied by the wide pads.

Figure3.10Dielayout.
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Figure3.11illustrates the phase noise of the proposed frequency
synthesizer.The measured phase noisesare-116.3dBc at the offset frequency
of 1IMHzand -134.7dBc at the offset frequency of 10MHz.

The closed-loop spectrum of designed FS and jitter histogram at 24GHz
are shown in Figure3.12and Figure3.13, respectively. The proposed FS
showed high power density of -5.36dB at the operation frequency of 24GHz.
The FS also showed very low peak-to-peak jitter noise of 3.5ps, and very

low rms jitter of 0.75ps.

-116.3dBc

/_ -134.7dBc

PLL Phase Noise (dBc)

-160 1 1 1 1
0.001 0.01 0.1 1 10 100

Frequency (MHz)

Figure3.11Closed-loop PLL phase noise.
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The percentage of power consumed by each block of FS is shown in
Figure 3.14. The VCO provided power dissipation of more than 50% as
expected. The PLL dissipated power of 48%, and frequency divider
consisting of master-slave FD and TSPC FD showed power dissipation of

more than 50% in PLL.

4% PFD
. 7% CP

10%
LPF
4

VCO

Divider

Figure3.14Power consumption.

Table 1 summarize the performance comparison of the proposed
frequency synthesizer with three previously published papers, with output
frequencies around 20 GHz to 24GHz. From the Table 1 it visible that the
proposed FS achieves a noticeable good results in power consumption
which is only3.52mWand phase noise of -116.95 at 1IMHz and -138.5 at

10MHz as compared to [16],[17] and [18]. The major reason due to which
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[16],[17] and [18] have higher power consumption is due to the use of ILFD
and CML, based frequency dividers. While in the proposed FS the master-
slave frequency divider is used, which is slow in speed as compared to ILFD
and CML but the power consumption of master-slave frequency divider is
also very less as compared to ILFD and CML. The second reason due to
which the proposed FS showed a low phase noise and a low power
consumption is the implementation of novel modified current-reuse VCO,
becausethe transistors in current-reuse VCO are only switched on in the first

half of period, which greatly reduces the power dissipation [19].
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Table 1. Summary and comparison of FS performance

Parameters [16] | [17] [18] This Work
Technology (nm)| 90 180 180 65
Output Frequency

20 2437 242 24
(GHz)
Reference
0.3125| 0.4 12.1 0.1
Frequency(GHz)
Supply Voltage
13 L2 1 0.9
V)
Power Dissipation
38 | 31.6 | 17.5 3.52
(mW)
-113 | -110 | -119.3
'VCO Phase Noise -116.95@1MHz
@ | @ @ '
(dBC/HZ) -138.5@10MHZ
IMHz|1MHz | 10MHz
: -119.1
PLL Phase Noise . ] @ 11314?:73@@11(1\16[1_11_?
-134. z
(dBc/Hz) LOMHz
Tuning Range
4.7 | 4.73 6 .
%) 7.5
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Chapter 4Conclusions and Future Study

4.1 Conclusions

In this thesis, a fully integrated24GHz-25.8GHz frequency synthesizer
for automotive radar applications are presented. The proposed frequency
synthesizer is implemented in 65nm RF CMOS process.Thanks to the
implementation of high speed PFD, low phase noise VCO andlow-power
frequency divider the power consumption and phase noise of proposed
frequency synthesizer is very low. VCO is implemented with the
modifiedcurrent-reuse technique, along with the inductive source tunning
technique.The VCO achieved a FOM of -199.7dB and the FS showed very
low phase noisesof-116.3dBcat IMHz and 134.7dBc at 10MHz. Due to the
implementation of master-slave and TSPC divider for 24GHz-25.8GHz,
instead of ILFD and CML frequency dividers, the FS showed very low
power of only 3.52mW at the power supply of 0.9V.The VCO also showed
wide oscillator frequency range of 7.5% and the frequency range 0f24GHz-
25.8GHz.The FS showed very low peak-to-peak jitter noise of 3.5ps, and
very low rms jitter of 0.75ps.The size of thecore cell was 0.35x0.25mm?,

and the size of diewas 0.40x0.30mm?’including pads.
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4.2 Future Study

Today the automobile industries shows a great interest in the automotive
radar monitoring systems, as it is the essential part of modern automobiles.
Frequency synthesizers play a key functional role in the automotive radar
monitoring systems. As it aids the radar system to correctly detect the
environment around the vehicle and help to prevent the crashes. The
translation between the 24GHz and 77GHz operating frequency bands, of
automotive radar monitoring system requires a dual band frequency
synthesizer to incorporate these operating frequency bands. This work only
considers the 24GHz frequency band, but in future work can be done on

dual band frequency synthesizer.
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[Appendix]

Vo—Vs
—+ Ims0Vgss0 + (Vo - Vs)SngSO =0 (1)

Tdsso

By applying the KCL at source node we get

V, =V,
<(Vg — Vs)sCgss0 + 8msoVgsso + O—S) sl =Vs. (2)
Fdsso

By rearranging Equation (2), we get the value of voltage V; at source node.

VosL
(Vg(SZCgssoL3+gm505L3)+ g 3)
Vo= I'dss0//

sL3 \
(1+SZ CgsSOL3 +ngOSL3 +1‘ )
dss50

3)

By rearranging Equation (1) and inserting Vggso = Vgso — Viso ,we get

Vo + Vgsogmsordsso & Vordssoscgdso - Vgsordssoscgdso = (14 gmsoTdsso)Vs (4)

From Equations (3) and (4), we get

I'dsso I'dsso

Vo ((1 + rdsSOSngSO) (1 + SZCgsSOL3 + gm505L3 f sL3 ) s ((1+gm50rd550)SL3)> —

sL3

Vq ((_gmsordsso + rdsSOSngSO) (1 + 5%Cgss0Li3 + BmsoSLs + ) +(1+

I'dsso

8msoTdss0) (5*CassoLiz + ngOSL3)) — (35

As we assumed V; = V; for NMOS transistor, M50 and then voltage gain of

M50 is A, = ://—0 = % By rearranging Equation (5) we get Equation (6).
g i
Vo _ Vo _
A, = =S

3
50

)+(1+9m50Tdsso)(52 CgssoLs +gm505L3)>

)_((1+9m507d550)5’u3>>

Tdss50

sL
(Tdsso (chdso—gmso)(1+52 CgssoL3+gmsoSLs +Tds

(6)

sL3
1+73550SC (1+52c L3+ SLz+—3—
<( ds50 gdso) gss50L3TdmsoSL3 Tdsso
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Now we analyze the gain result by inserting 74559 = 00, and we get

(gmso(sz Cgssols +gm505L3)+(5ng50_gm50)(1+52CgsSO L3 +gm505L3))
- 7)

A
v ((SngSO)(1+SZCg550L3+gm505L3)) *

As s =jw and w >> 1, and then we get

1+ 5%Cggs0L3 + 8msoSLs = 5*Css0Liz + 8msoSLs(8)

The expression of A, will be described in equation (9).

9mso+SCgds0—9mso
A, =72 )
5Cgdso
- L YirVese —V,)sC Vi — Viug)5Caaag = 0(10)
Viscgdso(1 An)+sL1+ - *+ 8msoVgsso T (Vi = Vy)s gdag T i s48)S gd4g8 =
Vi—Vsso

V.
+ Vosso + (V) — Viso)SCpsso = (11
T'dsso Imso gs50 (o 550) 9S50 sL3( )

VSCgdso(An—1)

Vo-Vs v
8magVgsag T (Vi = Vo)sCqqug = ———"" + i + (Vo — Vss0)5Cgss50 + + (Vo — Vs48)5C2(12)

Tdsas

Vo—Vs4s

Vs
8magVgsag T ?428 + Vs485C3 = + (Vi— Vs48)scgs4-8 + (Vo — Vs48)SC2(13)

I'dsas

As Vi = Vaas = Vaso, Vo = Vgso = Vass, Vgsso= Veso = Vsso and Vgsag = Vaas — Vsasg by
inserting these values and rearranging, we get Vs5o Equation (11) and from
we will get Vg, Equation (13).

From Equation (11), we get

Viso Vi ~ Vsso
+ + ngO(Vo - VsSO) + VoSCgsSO - VsSOSCgsSO - (14)
I'dsso  Tdsso sL3
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+gm50Vo+VoSCgssol
—(15)

L3

I'dsso

VsSO -

+8mso+5Cgssotg
T'dsso &

From Equation (13), we obtain

VS VO S
Zmas (Vi — Vsag) + ?428 + Vgug8C3 = -2 4V 5Cgs48 - Vs485Cgs48 + VosC; — Vs485C2(16)

Tdsag  Tdsss

Vo
Vsag ( 8mas + + sC; + gsag T SCZ) = —Vi8masg + Tasi + VisCgeug + V05C2(17)

VlSCgS48_Vlgm4—8+r +VosCs
V. — ds48 /18
B S(Ca+C3) #5Casagt—— e SR
2t+C3 854871 g slz 8ma4s
Vl(SCgS48 gm48)+vo( - SCZ)/19)
V. =
s48 1 \
s(Cz +C3+Cgs4—8)+rd 48+5L2 —8masg

From Equation (12), we get

Vo-V., Vo . VosCgaso(An—1)
8mas (Vi = Vsag) + (Vi — Vo)sCgasg = (Vo — Veag)sCp +——"2+ —= 4+ _

+ Vo5Cgsso — ssoscgsso(zo)

Ids4s sLy An
1 1 sCgdso(An—1)
Vi +sC +V, (—SC —SCoqag ——— — — — " ——5C ) ( —sC ) sC (21)
l(gm48 gd48) o 2 gd48 ~ T T L A 2550 Vsag | 8mas 2 " Tate Vss0SCgsso

Inserting the values of Vg5, and Vgug from Equations (15) and (19) in
Equation (21) we get

(SCoepa— )(gmas—sC 1
sCgdso(An—1) 1 1 Vi(sCgsag—8mas ( mag—SC2—
Vi8mas + 5Caan) + Vo (—5C, = sCyupg — AN L L e )= s
Ap Tgsag  SLp s(C2+C3+Cgsag)+—— —8mas
“ds4s SLz
Vo (“d +5Cz)(gm4s sCz~ 7].(1548) (“d '50+gmsoVo+V05Cgsso)scgsso{22)
5(C2+C3+Cgs4s)+rds48 SLz —8m4s Tdss +gm5<7+5Cg550+
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Vi| 8mas + sC
48 d48
L\ em 8 s(C2+C3+Cgsag)+r— —8m48  1+8msordsso+SCgssordsso+ dfso s(C2+C3+Cgsag)+——

—8masg

“ds4s SLz

1 1
sC, ( =sC ) +sC ( =sC )
(sCgsas—8mas)(gmag—sCz~ “ds4s sCgss0 _ ("ds48 2)(8mag—sC2— ds48 _
“ds4s SLz

(gmso+5Cgsso)5Cgsso _ (S (Cz + ng48 + Sngs‘Z:‘An—l) 4 Cgsso) - 5L1)>(23)

——+ +sC o
“dsso 8ms0 850 sL3

On multiplying and dividing both sides of Equation (23) by 74545 We get

\V C (sCgsas—8mas)(Tdsas8mas—5CaTdsas—1) sCgsso
i| 8mas +s gd48 — C,+Cat+C ds48 C dsso
dsagS(C2+C3+Cgsag) +14+- P ~Tdsag8mas  1+E8msoldssotSCgssoldssot;
Y (1+145485C2) (rds488mas—TdsagSC2—1) (8ms0+5Cgss0)SCgsso C C sCgdso(An—1) C
2 rdssg? 2 s ual UL U A * Cgsso
Tdsag“S(C2+C3+Cgsag) +Tdsast— 5 —~Tdses“Bmes  Tasso 8msotSCgssotg - n

+2) )29

Tdsas

From Equation (24), we get small signal voltage gain (Ay = %)“0:0 of

proposed VCO.

sC, - T —sCar, -1 sC,
(sCgsa8—8mas)(rds4g8m48—SCargsag=1) gs50
Emaa+sCgdan T s(C2+C3+C )+1+rd548—r 1+ T, +sC L +Ldss0
A, = E _ ds48S(C2+C3+Cgsasg sLy ds488m4s8 8m50Tdss0 gs50Tds50* 55 {25)
v Vi (1+r354g5C2) (rds488mag8—Trds4gSC2—1) (gm50+SCg550)ng550 ((C2+C dw*scgdso(An—ﬂmgsso) 1,1 )
Tds4s L +gm50+5Cg550+5L3 \ 8 An Tdsag SL1

rsag?s(C2+C3+Cgsas) +rdsan+— iy —Tdsss ’8Bm48 Tdsso

On neglecting the parasitic capacitive components from the expression of
Ay we get

8m48(ds488mag—SCaldsag—1)

8mas
A rds4gS(C2+C3)+1+ dS48_rds48gm4—8 26
V T (1+rds485C2)(Tdsas8mas—TdsagSCz—1) ( (C,) + )( )
2 s(Ly
ds4-8 I'dsag sLq

rdsag?s(C2+C3)+rgsag+ ~Idsag’8mas

now we analyze the voltage gain Ay by inserting rygs9 = .

rdszl-s)
S(Cp+C3)+——+———
2Tl3 Tdsss  SL2 8ma4s

8mas (gm48 —sCz—

8mas T

Ay = (27.1)

+SC2)(gm48 —sCz—

- rd;s) _ (S(CZ) + + L)

T
S(Cy+C3)+——+——— r sLq
(C2+C3) Taeag sy Bma4s ds4s

1
T'ds48
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gmas(8mas—sC2)

Emas S(C2+C3)+$—gm43
Ay = (sC2)(8mas—sC2) s(C,) — 1 (27.2)
1 2
S(C2+C3)+E_gm48 sL
Ay
1
Emas(s(Cy +C3) + s, gmas) T Emas (8mas — SC2) (27.3)
= 7
1 1 .
(sC2)(gmas — SC2) — (s(C; + C3) + i 8mas)(sC; + E)
2 1
Ay
1
S8ma4s (SZ(CZ +C3) + T S8mas) + 58mas(8mas — SC2)
z (27.4)

(5%C2) (@mas — 5C2) = (52(Cz + Ca) + 2 = SBanan) (2C2 + )
Now by inserting s = jw in Equation (27.4) and equating A, = 1 we get

. i o ! . A

jWgmag (—W?(C; + C3) + R JWEmag) T IWEmag(8mas — JWC2) = —(GW3C;)(gmas —
. ] 1. ] 1

jwC,) — (—jw?(C, + C3) + [ JWEmag) (—jW?C;, + L_1) (28)

jW8mas
L,

(W2(C; +C3) — i + jW8mas) (_jWZCZ + L—ll)(29)

—jW8mag(Cy + C3) + + W2 gmag” + 8mag” + W?gmagCs = —jW3Cr8mag — W4Cz2 +

. JjWEm. 4
—jW8mag(Cy + C3) + Tm + W2 8mag” + 8mag® + W2 8BmagClo = —jW3Cr8mag — W4Cz2 -

2 p,
w*C,(C, + C3) + WLCZ —jw3Cy8mag + @ = ﬁ + M,%—mw(30)
2 1 2t 1

W4(2C22 + C2C3) + W3 (=j8mas(Cz + C3) +jC28mag + C28mas) + W2 (gm482 +
_ G (Ca+C3) j8mas _ j8mas 2 1\ _
C28mas L L. )+ W( L, L, )+ (gm48 Lle) = 0(31)
. C; C ¢
W4(2C22 + C2C3) + W3 (jgmag(C; — C3) + w? (gm482 + C28mas — L_z - L_z - L_3) +
2 1 1
j8mas _ j8mas 2 1\ _
W( L, Ly ) + (gm48 L2L1) =0(32)

On equating the imaginary part equal to zero from Equation (32) we get the
expression of oscillation frequency.
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w?(C; —C3) = (

=)=
W —
LZLI CZ_C3

w = (Ll_LZ) (33)

LaLy(C2—C3)
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