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Abstract - In this era of technology scaling, it is of prime importance to design a frequency synthesizer on a single chip to be
used as a frequency multiplying transceiver. Presently, work is unavailable for the entire Ku (12 to 18GHz) band. Single-chip,
wideband synthesizers are not available. Whereas in available wideband high-frequency PLL chips, entire elements are not
integrated on a single chip, VCO or loop filters are externally connected. This paper presents a 12-18 GHz charge pump-based
type-2, integer-N Phase Locked Loop-based frequency synthesizer designed on a single chip using0.18 um CMOS technology.
This PLL is intended to be used as the local oscillator (LO) in potential satellite communication applications. The rigorous
phase noise analysis of the PLL in terms of out-of-band and in-band phase noise is performed. This suggests the requirement of
block-wise performance improvement for extenuating the practical limits imposed during CMOS layout. Measurement results
show that the size of the fabricated chip is only 0.076mm? which can scale down to 50% by connecting Voltage Controlled
Oscillator (VCO) outside the chip. Outstanding phase noise of -122.83dBc/Hz is measured at 1MHz offset when running
at14.28GHz oscillation frequency. Process Voltage Temperature (PVT) corner analysis gives a worst-case phase noise of -
120.59dBc/Hz and best case phase noise of-124.19dBc/Hz@1MHz offset, which makes implemented chip suitable for satellite
communication applications. The dead zone of the Phase Frequency Detector (PFD) is reduced to 1psalong with the negligible

charge pump current mismatch ratio of 0.13%. The circuit achieves a fabulous dynamic range of 0.3V t0 0.9 V.

Keywords - Phase Locked Loops (PLL), Type-2 PLL, Phase Noise, Ku-band, Voltage Controlled Oscillator (VCO).

1. Introduction

The role of Satellites in global communications is
increasing at an unprecedented pace; this transceiver has
become the most commonly used circuit. Different frequency
bands are used in satellites for uplink and downlink
communication to avoid data interference. Carrier frequencies
and data rates are continuously increasing with each
generation of communication technology. To save the size,
power consumption, and cost of the communication system, it
is beneficial to use the same synthesizer to generate uplink
and downlink frequencies with minimum settling time. To
generate a stable, on-chip well-timed RF range of carrier
frequencies, phase-locked loops (PLLs) are used as frequency
synthesizers in the transceivers [1].

PLL design is challenging because of the mixed-signal
nature of the analogue and the digital blocks on the same chip
and variations in operating frequency from one block to
another [2]. It is highly demanding to design high-frequency
mixed-signal circuits on a single chip because of the effect of
parasitic elements (resistors and capacitors) and the use of
inductors and capacitors in VCO design [22]. PLL must

compensate for frequency variations due to changes in PVT
corners to generate stable frequency. PVT corners include
process variations, supply voltage change, temperature
variations, and contribution of low-frequency noise in VCO.

In a charge pump-based integer-N PLL frequency
synthesizer output frequency(f,,.) is an integer multiple of
the input reference frequency(fres).four = Nfrer. Where N is
the divide ratio, and the frequency resolution of the PLL is
equal to thef,..r. As stated by [3], the conventional PLLs with
low reference frequency exhibits certain disadvantages as
follows: Firstly, the lock time is largely because of its narrow
loop bandwidth(fzy = fr.r/10). Secondly, the reference
spur, along with its harmonics, are present at low offset
frequencies(ReferencespumAICP ’; BW), whereAlp Is the

ref
charge pump mismatch current? Third, PLLs exhibit an
increase in in-band phase noise by 20 log(N) dBassociated
withf,..r, the phase frequency detector (PFD), the charge
pump (CP), and the divider because of the high divide
ratio(N). Low phase noise can be achieved by using high-
order filters, but it affects the loop's phase margin; the reverse
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approach is to use the smaller loop bandwidth. Still, the
downside is it increases the settling time of the PLL, which is
not acceptable in satellite communication applications. This
states that VCO phase noise will not be adequately
suppressed at low offset frequencies with an optimal loop
bandwidth. With the increase in demand for precise and faster
synthesizers, it becomes difficult for charge pump(CP) PLLs
to fulfil these requirements; besides these limitations, it has
been noticed that the CP PLLs cannot get replaced with other
synthesizers due to their advantages like low design cost,
small size, flexibility and stable operation [4,11,12].

As shown in figurel, the Charge Pump PLL is a mixed
signal system consisting of various digital and analogue
blocks attached in a loop to synchronize generated high-
frequency signal with the low reference frequency(fref =
Wrer/ 2m). The phase frequency detector (PFD) compares the
incoming signal's phase and frequency and generates an error

Signal (d’e)' ¢. = Kprp [fref_ (fout/N)]PFD'S discrete
output is translated into a measurable electrical signal using a
charge pump (CP) circuit. The output of the charge pump is
used to charge and discharge the filter capacitor. As the
charge on the capacitor varies, the voltage V. On it
integrates the error signalg,.V;, = chque dt,K., Is the
charge pump gain? To dampen high-frequency harmonics, a
low pass filter has been implemented as a loop filter (LF).
This loop filter produces a control voltage(V;) To drive
voltage-controlled oscillator (VCO).

Icp
2nCy,

VC = ch f ¢e dt = f(d)ref - ¢out)/N .dt (1)
Here C.is the filter capacitor. The VCO generates a

sinusoidal signal with a frequency (f,,.)proportional

toV.Integer-N divider is implemented in a feedback path for

frequency synthesis.

fref fout

HCP(S)_> Hlf(s)_> cho(s)

fout

Hdiv(s)

Fig. 1 PLL architecture

E.Ali et al.[32] proposed use of fully digital tri-state PFD
generating three states UP, DOWN (DN) and NULL with a
wide phase tracking range of +2m. Sharkia et al.[8] has
proposed the use of the gain boosting technique in the
forward path for improvement in lock range and tracking of
the synchronous peak of the VCO control voltage for
reference spur reduction in type-l1 PLL. Paper suggests using
an all-digital voltage-mode topology without a charge pump.
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The designed PLL chip generates frequencies from 2.2 to 2.8-
GHz and achieves in-band phase noise of -103.4 dBc/Hz
along with a reference spur of -65dBc.Zhang et al.[9] has
proposed a PFD with an improved fast acquisition for high-
speed PLL. An improved structure with a dynamic latch is
suggested for eliminating PFD non-ideal effects like dead
zone and blind zone. The PFD proposed occupies an area of
0.0016mmz2 with a power consumption of 1.5mW only using
65nm CMOS technology. Circuit simulation result achieves
maximum operation frequency up to 5GHz. The achieved
PLL acquisition time is 1us. Nanda et al.[37] has proposed
using a variable delay element in the feedback path of PFD to
remove the dead zone completely. Lia et al. introduce a PFD
with delay time control and a low gain VCO. 130 nm 2P6M
CMOS process fabricates a 5.7 to 6.0 GHz PLL.Liu et al.[34]
has proposed a distributed bias technique to improve the
linearity of the wideband oscillator. The proposed oscillator is
implemented using 65-nm CMOS technology and achieves a
wide frequency tuning from 61.2 to 100.8, then 122.4 to
136.8, and 198.5 to 273.6 GHz, along with a phase noise of -
95.4 dBc/Hz at 1MHz offset. Liao et al.[31] presents a two-
stage millimetre wave frequency synthesizer. In the first
stage, the implemented circuit performs low phase noise (PN)
synthesis; in the second stage, it performs the mm-wave
frequency synthesis. Partially depleted silicon on insulator
(PDSOI) 45 nm CMOS technology is used for synthesizer
prototype fabrication. The 9 GHz RSPLL in the first stage
achieves 144 fs integrated jitter and 7.2 mW power
consumption. The overall performance shows integrated jitter
of 251 fs with a power consumption of 20.6-mW at 35.84
GHz. Wu et al. [32] proposed split-tuned LC-VCO based on
an averaging varactor and a servo loop. This makes the
charge-pump current (lcp) inversely proportional to the
oscillation frequency’s square. 3.1 to 3.9GHz PLL is
implemented using 0.13 um CMOQOS technology.

Key observations from the reviewed literature are no
work is available for the entire Ku (12 to 18GHz) band.
Single-chip, wideband (6GHz) PLLs are unavailable; in
available wideband high-frequency PLL chips, entire PLL
elements are not integrated on a single chip, and VCO or loop
filter is externally connected because it consumes maximum
chip area. It is also found that VCO is power hungry and
contributes maximum noise in the PLL [27-30].PVT
variations change PLL performance parameters. Performance
parameters include phase noise, power dissipation and
settling time. To design a single chip, wideband PLL,
applying a single methodology is impossible, but a block-
wise performance improvement is required. This paper
concentrates on the best suitable topology selection for
individual blocks, design and analysis of PLL considering
phase noise as the primary performance parameter. The
presented work overcomes tradeoffs between VCO tuning
range, power dissipation and phase noise by the optimal
choice of design parameters which includes loop bandwidth
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(decides to settle time of PLL), VCO gain (decides VCO
output frequency) and filter order (decides phase noise).

Section 2 gives a phase noise analysis of the PLL. PLL
architecture is presented in section 3, PLL implementation is
given in section 4, Measurement results are shown in section
5, and the paper is concluded in section 6.

2. Phase Noise Analysis of the PlII

PLL phase noise can improve out-band and in-band
phase noise performance. The in-band phase noise is the
combination of phase noise contribution of PFD, CP, LF and
N times the phase noise of the input reference signal. VCO
phase noise dominates the out-band phase noise of the
PLL[26]. A higher order or lower bandwidth loop filter can
minimise out-band phase noise, and a lower division value N
can be used to improve in-band phase noise performance.
Still, it gives poor frequency resolution, so the trade-off exists
between in-band phase noise performance and frequency
resolution. Another key challenge in mm-wave frequency
synthesizers is; that for the sake of the generation of low
noise high-frequency carrier signals, the worsened quality
factor of LC tank charge high power consumption along with
a narrower frequency locking range. It is important to analyse
the contribution of the individual PLL block to implement
PLL with ultra-low phase noise. In this paper noise
contribution of each block is presented separately; for
calculating the contribution of an individual block, the
contribution from other blocks is considered zero. The
transfer function of the individual blocks is compared with
filter characteristics to identify low pass/ high pass
characteristics of the noise added by that block. Individual
phase noise analysis of the PLL blocks is presented below.

2.1. Reference Input Noise

In frequency synthesizers, a crystal oscillator is preferred
to generate a reference signal; input reference is one of the
dominant noise sources in PLL. It makes input phase and
frequency vary with time. The transfer function for measuring
the phase difference between reference and VCO output is
written as:

Kyco
F
(S)XKpde s (2)
Kvco

Dref - 1+F(s)><Kpfd>< Nos

_ Pout __

Href(s)

@.ef s the noise that appears at the input of the PFD. If
used, this noise is the combination of noise components from
crystal oscillator and reference divider.@,,; Is the noise
which appears at the PLL output [16-17]. Behaviour of the
reference signal is checked by comparing equation2 with any
filter,F(s). For slow variations in the input phase(s -
0), Hy.r = N. Transfer function settles down to divide ratio
N, and for fast variations, it settles down to 0; this indicates
PLL does not respond to high reference frequency variations.
This concludes that the noise added by input reference has
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low pass characteristics.H,., Corresponds to division

ratio(N) multiplied by low pass filtering of the reference
noise.

2.2. PFD Noise

The noise contribution of an error detector (PFD)is
negligible compared with the reference signal.PFD transfer
function is given by:
Oour(s) __ Fl)x"ee
Opfals) 1+F(s)XKpfax

prd(s) = 3)

Kvco
Nxs

@pra(s) Does the PFD add the noise? At low frequencies
s — Otransfer function converges to (N/K,f;) Which
indicates that at low frequencies, PFD noise will get added to
PLL output multiplied by #And the contrary, at high

frequencies (s — « ) transfer function reduces to 0 with
—20dBslope, indicating that phase detector noise is not a
major contributor to PLL output beyond the loop bandwidth.

2.3. CP Noise

Ideally, when PLL is locked, the current transfer to the
loop is zero. In reality, CP noise current gets added to the
loop filter during non-zero CP current. Current mismatch
during UP and DOWN pulses lead to injection of noise
current into the loop filter; the noise current can be calculated
as:

4)

i%cp =2X #ef X IgP,noise

tis the width of UP/DOWN current pulses in lock
state.T,.fIs the period of input reference.lcppoisels the
current noise density of CP. It is noticed from the
equationdthat magnitude of the current noise density
(Icpmoise) is directly proportional to the charge pump's
reference input frequency and duty cycle. Hence, switching
between UP and DOWN current pulses at high frequencies
becomes very critical. The transfer function of CP can be
written as:

Kvco

Ii vco (5)

Nxs

F(S)XKpde

Boue(s) 21
H s) = out - £°
cr(5) 1+F($)xKp X

ingp(s)  Icp

At low frequencies (within loop bandwidth)(s — 0),
Hep(s)reduces toZOlog( N). This indicates the low-

2n
. ~lep . . .
frequency noise contribution amplitude is multiplied
by2010g(21”—N). Whereas for frequencies beyond loop
cp

bandwidth(s — o) The transfer function settles down to 0
with  —20dB slope. It concludes that the CP noise is
dominant within loop bandwidth and negligible outside the
loop bandwidth. CP non-ideal effects contribute to reference
spur; however, they are not critical in CP noise contribution.
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2.4. LF Noise
The Loop filter’s transfer function is written as:
Bout(s) _ %

Hzf(S) = (6)

p(s) 1+F(s)><Kpfd><Iva>f:
U;¢(s) is the loop filter’s noise voltage. LF’s noise transfer
function depends on the order of the low pass filter; for 1%
order loopsF (s) = 1, H;¢(s) Becomes:

Pout(s) — Kyco
Ipp(s) ¢ KpraxKvco
N

Hzf(S) = (7

1

Filters having a pole and zero; i.e. F(s) =

function reduces to bandpass. However, for active filters, the
active part also contributes to the phase noise.

+sT;
> Transfer
ST,

2.5. VCO Control Line Noise

The VCO control line power supply noise affects PLL
performance; sometimes, supply voltage acts as a control
voltage to the VCO. The power supply voltage is the strong
source of VCO jitter. The general assumption is supply
voltage variation is +10%. The dependence of VCO
performance on supply voltage is measured as supply
gain(Kyppy.Phase noise added by supply noise is given by:

K2
Sovaa (s) = % Svadd(s)

(8)

Equation 8 shows the effect of impulsive supply noise on
the oscillator's phase noise. The noise transfer function is
written as:

Dout(s) Hoco
H = = $ 9
w0 (5) Bvpp(5) 1+F(s)><1(pfdxll(\;’>fso ©)
It is observed from equation 6 and equation 9

thatH,pp (s)is similar toH;¢(s). It is concluded that it has
band pass characteristics, and the low-frequency components
will get rejected by the loop.

2.6. VCO Noise

The dominant source of noise in the expected frequency
band is a VCO phase noise; the transfer function can be given
as:

Dout(s) _ 1

- K
Pvco(s) 1+F(s)XKpfq* N”)f;’

cho(s) =

(10)

for 1% order loops as (s = 0), H,.,(s) =0 and H,.,(s) =
1 when(s — «).For filters having a pole and zero; F(s) =

—IZ;TI, It can be stated from equation (10)that for fast changes
2

in the VCO input phase, VCO phase noise contributes to PLL
with a gain of 1; the basic solution is to increase the loop
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bandwidth, which lowers the lock time of the PLL and also
gives unstable control voltage for higher frequencies, at the
same time to suppress reference spur and to achieve stable
loop, loop bandwidth must be smaller than reference input. A
strict trade-off is noticed between low phase noise and the
spurious level.

2.7. Divider Noise

It is critical to model the noise behaviour of the divider
because of the threshold crossings of the divider output
signal. It indicates that the total phase noise of the PLL is
affected by the divider only during threshold crossing. The
divider transfer function can be modelled as:

Kvco

_ wout(s) _ F(S)XKpde B (11)

div — - K
Paiv(s)  14+F()XKpraX 72

D aiv(s) is the divider noise. Equation 11 shows that this
transfer function is similar to the reference signal in equation
2. This result is expected because this is the second input of
the PFD. When(s — 0), Hy;,, = Nand for (s —» «©), Hy;y, —
0. It shows that the noise from the frequency divider has low
pass characteristics and can be attenuated by the loop filter.

2.8. Total PLL Output Phase Noise
Total PLL phase noise can be calculated by combining
phase noise contributions of the individual PLL blocks.

So0e () = Soro; (D) Hrep G2)|” +
So,ra () Hpra G2 + S, (DI Hep (2712 +

Sotps ()| Hipy G2 + Sg, 30 (D Hoaa G211 +
86,00 ) Hyco G2TF)? + Sp ()| Has G271 |2
(12)

It is observed from equation 12 that at low frequencies,
the noise contributors within loop bandwidth are the
reference signal, the PFD, the CP, LF and divider, whereas
outside VCO dominates the loop bandwidth PLL phase noise.
Hence it is of prime importance to analyze and minimize
VCO noise contribution to minimize the PLL noise. Various
noise models are analysed to optimize phase noise in VCO,
and the effect of the VCO noise on PLL performance
parameters is checked. Based on this noise analysis, VCO
noise reduction techniques are applied.

Weigandt et al. presented the relationship between the
RMS of cycle jitter (o) And the single side band phase noise
at Af offset frequency. The relationship is given by equation
13.

f030'52

(an?

L(Af) = (13)
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Herzerl and Razavi presented dependence of phase noise
(L(Aw)) on RMS value of cycle to cycle jitter (c¢c) as given
in (14), here o, is the synthesized frequency.

(m03/4n)6cc2
(Aw)2+(wo3/8m)%0cc?

L(Aw) = (14)

It is observed that (14) reduces to (13) when
wo|>>(wy°/8m)occ?.

lo —

Demir et al. derived the relationship between phase noise
(L(AD) ) and self-referred sitter (o2(At)) of an oscillator as
given in (15) and (16), respectively.

_ fo2C
L(Af) - (Af)2+1r2f04C2 (15)
a?(At) = At.C (16)

Jitter and spectral spreading in a noisy oscillator are
represented by the constant € in (15) and (16). It is observed
that the spectral jitter o (Af) is nothing but an absolute jitter
AT, (At) in a practical sense.

DT (80) = [Socc VBT )

After comparing (16) and (17), | obtained an expression for C
as:

€= f_OGCCZ (18)
Putting a value of C in (15) verified the equivalence between

(15) and (14).

Leeson’s empirical equation appropriately describes an
oscillator’s noise spectrum for single sideband phase noise;
hence a universally accepted Leeson’s model is adapted for
analysing phase noise in dBc/Hz relative to output level per
hertz. Leeson’s empirical equation gives sources of noise as
given by equation (19)

fo

[1454 (G) (1+9)|ag

Where L(Af) is phase noise in dBc/Hz, F is a noise factor
of the active devices, T is the absolute temperature in °K, K is
the Boltzmann’s constant, P,,is an average power of the
oscillator f. is the flicker corner frequency, Afis carrier offset
frequency, f,is output frequency and Q. is the loaded Q.

L(AR) = FKT

Pavg

The phase noise is presented in dBc/Hz; hence (19) can

be rewritten as:
2 f,
[1 2AfQL) (1 + A_f)]} (20)

L(AS) = 1010g{ KT
Equation 20 shows main causes of the phase noise are:

Pavg

14

( ) Flicker effect

(ZMQ ) Oscillator Q

Z—Cf: Phase perturbation

Leeson’s empirical equation, as given in (19), shows two
ways for VCO phase noise reduction either by increasing Q,
or by increasing P,. It is always convenient to increase Qy,
instead of P, because P,y is directly dependent onVy,,; and
the best way to improve P, is by increasingVpeax.

2
P _ vpeak
avg Ro

(21)

Vpeak IS the maximum voltage across the LC-tank, but
the value of V,e,iis limited to VDD in most of the VCO
topologies; hence it is convenient to increase the Q factor of
the tank elements to achieve phase noise requirements. This
Q factor can be increased by decreasing the gate length of the
varactors but will decrease the varactor's capacitance ratio,
resulting in a lower tuning range. Most parameters in
equation 19 are fixed by the technology and not in the scope
of designers; power in the load can be manipulated by tuning
tank elements, including inductors and capacitors. For
minimal noise, large capacitance and small inductance must
be used in the LC tank. The reason is the cross-coupled
transistors will see an effective resistance’s small value, and
the high value of the current will be used for the same voltage
swing. With the capacitors' increasing size, their size also
increases, and parasitic inductance will dominate the tank
inductance. Also, the parasitic inductance of interconnects
creates a trade-off between Q-factor and oscillation
frequency, as the interconnects rarely achieve Q equivalent to
tank inductor.

3. Presented PLL Architecture

It is important to initially discuss the concept of phase
locking to understand PLL better. Let’s assume two signals
x4, (t) = cos(w,t + @, t)and x,(t) = cos(w,t + @,t)The
instant phases and frequencies can be written as

B2(t) = wyt + @yt (23)
0,(t) = ﬁ1(t)] = w, +8[®;t(t)] (24)
0,(t) = 8[B20] _ W, + S[@2(0)] (25)

)3 )3

When two signals are phase locked, theirdifferences are con
stantin time and almost nonexistent. Hence in locked
condition



Shobha N. Pawaret al. / IJETT, 70(8), 10-25, 2022

B, (t) — B, (t) = constant (26)
8[B1()—-B2(1)]

=w;—w, =0
ot 1 2

(27)

A constant phase difference between two periodic signals
in a feedback loop can be ensured whena loop reaches a
steady state. After achieving thelock in a loop, the
frequency difference between the two compared signals
reduces to zero. PLLs are most commonly divided into type-1
PLLs and type-2 PLLs.

3.1. Type-1 PLL

The phase transfer function analyses a simple PLL by
comparing the phase difference between the input @,..-(s)and
feedback signal@y;, (s).An illustration of a type-l PLL
with its respective transfer functions is shown in figure 2.

The transfer function for first order loop filter can be written
as,

1
1+S/(1lef

L(s) = (28)

Here wy,fis -3dB bandwidth. The open loop transfer
function can be presented as,

1

T
s(1+—=—
( “’lpf>

As the open loop transfer function contains a single pole
at the origin, this type of PLL is called type-1 PLL. In case of
slow variations in the input phase, giving the pole at the
origin, as s reaches zero, loop gain approaches infinity. Hence
in locked conditions, PLL confirms that the change in input

Pout(s) _ Kpp*Kvco "
Q)ref(s) N

H,(s) = (29)

¢rc £(5)

L(s)

KVCO

A

¢0u1(5) \
I

N

Briv(®)

W

K

Fig. 2 Type-1 PLL

(@,¢r) and feedback signal (@,4;,) is the same when s goes to
zero. Similarly, the closed-loop transfer is given as,

Bout(s) —
‘Dref(s)

Kpp*Kvco
s2

KppKyco
N

H.(s) =

(30)

wlpf+S+

This closed-loop transfer function proposes the system can be
critically damped, under-damped or over-damped. If we will
compare the closed-loop transfer function given by 30 with
control theory’s standard second order equation given by 31,

_ wf
HEO) = Fatonsran Gy
Wy = /W rKppKyco (32)
1 ,ﬂ
§= 24/ KppKvco (33)

15

Here w,, is the natural frequency and ¢ is the damping ratio;
the two poles of the closed loop system are presented as S ,.

4KPDKVCO)
N

1
Si2 =5 (Wpr £ \/wlpfz - (34)

¢w, = éww (35)

4KppK .
Whenw,, 2 ——£2-¥£2 > 0, it means two poles are real
transient time response can be given as,wyy:(t) =
2KppKyco

1
X 1-
4KppK 4KppK
(‘)lpfz_ NVCO wipf— (‘)lpfz_ NVCO
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1 4KppK
P G e Vco)t] - !

“’lpf’r\]‘*’lpfz‘

1 »*Kppkyco
. 2<wl,,f+szpf—N>f] w®do  (36)

4KppKyco [
N

Equation 36 indicates two exponential terms decaying with
time constants. Let’s assume those time constants ast,and
T, Time constants can be written as,

-1
1 4KppK
T = [g (wzpf - \/wlpfz - %)] (37)
-1
1 4KppK
T2 = [E (wlpf + \/wlpfz - %)] (38)

Equations 37 and 38 prove thatt; > t,, hence settling time is
determined by t,. Time constant t; decreases with increasing

value ofK”’Nﬂ , the larger gain decreases the stability. It

shows the trade-off between stability and settling time in
type-1 PLL.

Whenw;,* — W <0, two

transient step response is given as

poles are complex,

1
- t 4KppK
wout(t) =|1—e 2@Ipf cos (\/%) — w[pfz) +

w . 4KppK
/M)_w 2 N
N Ipf

(39)

If £ > 1, the system is overdamped. Equation 39 shows
that the step response contains a single exponential term with
the time constant 2/w,, (. This is less than the time constant
for a real pole case. For larger bandwidth, settling time is fast.
Along with the trade-off between settling time, bandwidth
and phase error, type-1 PLL suffers from the acquisition
range. Type-2 PLL resolves these issues, also called charge
pump PLL.

3.2. Type-2 PLL

Type-2 PLL consists of a second-order loop filter. The
charge pump circuit is used to charge/ discharge the filter
capacitor using MOS switches driven by PFD outputs UP and
Down. This makes PLL a discrete system instead of a
continuous system. The s-domain analysis is not possible for
discrete systems. As per Gardner’s limit, S-domain analysis is
possible if loop bandwidth is less than one-tenth of the
reference frequency.

Loop filter Z(s)
UP ;
f% I Jout N
Jref PFD : | VCO >
DN >
L Cp O Sk

Divider

Fig. 3 Type-2 PLL
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As shown in figure 3VCO acts as an integrator, and the
combination of the charge pump, loop filter and PFD acts as
another integrator. Hence there is an existence of two poles at
the origin. This PLL is called a type-2 PLL. The open loop
transfer function is written as,

IepKvco L(S)
Ho(8) =255

(40)

2" order filter’s transfer function is written as,

1+SR2C,
S2R5C1Ca+5(C1+C3)

L(S) = (41)

Charge pump along with C, is responsible for the
generation of a pole at zero frequency. To achieve a stable
system R, along with C, generates zero. For suppression of
high-frequency components on the VCO control line R,
along with C, generates a pole. This pole must be greater than
unity gain frequency to have a stable system. Pole and zero
frequencies are given as

_ GtCy 1

O T ke, 1y (42)
_ 1 _ 1
Wz = R2C, - T, (43)

Type-2 PLL’s closed-loop transfer function is written as,

IcpKvco 1+SR,C;

21N(C1+Cz ) g3R2C2C1 , o2 IcpKycoR2C2 | IcpKyco
C1+Cy 2 2nN(C1+C3) ' 2mN(C1+C3)

(44)

Hc(s) =

As pole (w,q) is behind unity gain frequency, also C, is
larger than C; the H.(S) is written as

H.(S) = IcpKyco 1+sRyCp
¢ 27NC, Szh’czochoRz;Iczocho
2nN 2nNCy

(45)

Critical loop parameters are derived by comparing 45 with
control theory’s 2" order negative feedback system.

_ cpKvco
Wn = w} 27N C, (46)
R IcpK C
= @)
¢m = tan™? (ww—;l) —tan™?! (:;”1) (48)

w, is natural frequency, ¢ is a damping factor, and phase
margin is ¢,,. Poles are calculated as,

17

1 IcpKycoRz
Si2 =35\~
’ 2 2N

i (IcpKVCORZ)2
2N

Just like type-1 PLL, if poles are the complex system will
have a larger settling time which means,

_ 4'ICpKVCO) (49)

2TNC,

__ HepKyco
2nNC,

IcpKvco 4
21N Ry2%C,

(IcpKVCORZ)z
2N

(50)

Transient response of system having complex poles is given
as,

wout(t) = [1 -

1(IcpKycoRz 2
e_E(T>t] cos \/‘Ucz)KVCO _ (ICpKVCORZ) t+

2nNC, 2N

RyC;

. 4lopK IepKvcoR2\ 2
sin (\/ £p_VCO —(c’" 42 2) )t Nu(t)Aw
2nNC, 2nN

(51)

o [MerKveo (IepKvcoRa z
2nNCy 2nN

The step response has only one exponential term with a time
constant (7).

= (llcpKVCORZ)Z
2 27mN

(52)

52show that by increasing I, Kyco Settling time decreases. It
proves that trade-off does not exist in the selection of
IcpKyco. Hence type-2 PLL is chosen for high carrier
frequency generation.

4. Implementation of PLL

The implementation of PLL is presented in this section.
PLL building blocks, including phase frequency detector
(PFD), a Charge pump (CP), Loop Filter (LPF), Voltage
Controlled Oscillator(VCO) and feedback divider (FD), are
implemented using cadence virtuoso 0.18 um CMOS process.
The PFD is implemented using two True Single Phase Clock
(TSPC) D flip flops and a NAND gate in the feedback. To
flow equal current through pull up and pull down networks
width of PMOS is always maintained double that of NMOS.
Here, the length of both NMOS and PMOS transistors is kept
at 0.18 um, whereas the width of NMOS transistors is 4 um,
and the width of PMOS transistors is 8 um.
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Fig. 4 PFD Schematic

The length of every MOSFET used in the charge pump circuit of figure 5 is kept at 0.18 um, and for reduction of current
mismatch between up and down currents, widths are selected carefully. For n-channel MOSFETs named NMO, NM1, NM2 and
NM3, shown in figure 5, the width is calculated as 8 um. Similarly, for p-channel MOSFETs named PMO, PM1, PM2 and
PM3, width is calculated as 16 um, exactly double compared with n-channel MOSFET. The width of MOSFETS used in the
OP-Amp design shown in figure 4.17 is kept as 8 um.

The filter bandwidth is a decade lower than the PLL input reference frequency. The ripple rejection capacitor is selected
with a value 10 times larger than the holding capacitor, as shown in figure 6. The large size difference is maintained to keep
filter characteristics unaffected.
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As shown in figure 7, the parasitic resistance generated by LC-tank is compensated using negative resistance (gm)
generated by cross-coupled NMOS (NM1 and NMOQ) with bottom current biased. The active devices compensate for the energy
loss in the tank. The energy loss must equal the energy supplied by the cross-coupled transistors to generate stable oscillations.
The capacitor bank is implemented for coarse tuning, and the NMOS varactor is implemented for fine-tuning.

A chain of CML flip flops, as shown in figure 8, is implemented to achieve a programmable integer-N operation. These CML-
based flip-flops help in saving size.
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Fig. 7 VCO schematic
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Fig. 8 Feedback divider schematic

A micrograph of the implemented PLL chip is presented in figure 9. The active area of the core is only0.076mm?; LC VCO
occupies 50% of the chip area. PLL output voltage swing is 2V, as presented in figure 10. Measurement results give phase noise
of -122.84dBc/Hz and-114.60 dBc/Hz at 1MHz offset pre- layout and post layout, respectively, as shown in figures 11 and 12.

Fig. 9 PLL Layout
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As presented in figure 13 implemented circuit gives a . Conclusion

tuning range of 12GHz to 18 GHz, which covers the entire
Ku band with an excellent phase noise of -64.83dBc/Hz, -
93.51dBc/Hz and -122.83 dBc/Hz at an offset frequency of
10KHz, 100KHz and 1MHz respectively. The worst case
phase noise of -120.59dBc/Hz and the best case phase noise
of -124.19 @1MHz offset when running at 14.61 GHz
oscillation frequency.

5. Measurement Results

PLL performance is compared with works intended for a
similar frequency band. The performance of the implemented
PLL is compared with the earlier work in table 1.
Measurement results show the lowest reported phase noise at
1 MHz offset with an extremely wide tuning range.[3]
Achieves phase noise comparable with this work, but the
tuning range is half as compared to this. The chip area is not
compared because, in previously implemented work, all
elements are not integrated on the same chip. Novelty of this
work is entire PLL elements are implemented on the same
chip.

Table 1. PLL performance analysis

Ref. | Technology| Output VCO Type | Phase Noise
Frequency (dBc/Hz @
(GH2) 1MHz

offset

[3] 0.12 ym 9.9-1245 | LC -122

[6] 0.22 um 5.8-7.2 DCO -108

[14] | 0.18 um 13.9-15.6 | Differential | -103.8

Colpitts

[15] | 0.13um 11.37-14.8 | LC -112.5

This | 0.18um 12-18 LC -122.83

Work

22

This paper focuses on the design and implementation of
ultra-low phase noise, wideband PLL frequency synthesizer
on a single chip to be used in satellite transceivers. A Ku
band (12 GHz to 18 GHz) novel fully integrated integer- N
frequency synthesizer is implemented using 0.18m CMOS
process. Efforts have been put into size reduction and phase
noise optimization by identifying in-band and out-of-band
phase noise sources. The in-band phase noise is suppressed
by loop bandwidth adjustment without degrading settling
time. Out-of-band phase noise is suppressed by adjusting
inductor Q in VCO.

Measurement results demonstrate that the size of the
PLL implemented using 0.18 um CMOS technology with
1.8V supply voltage is only 0.076mm?, and LC VCO
occupies 50% of the total chip area. Chip size can be
reduced further by connecting VCO externally. The design
gives a tuning range of 11GHz to 21 GHz, which occupies
the Ku band along with a safety margin from both ends to
compensate for the effect of parasitics. The analysis shows
excellent phase noise of -64.83dBc/Hz, -93.51dBc/Hz and -
122.83 dBc/Hz at an offset frequency of 10 kHz, 100 kHz
and 1 MHz, respectively, from the carrier. The corner
analysis gives the worst case phase noise of -120.59dBc/Hz
and the best case phase noise of -124.19 @1MHz offset
when running at 14.61 GHz oscillation frequency; this fulfils
the requirement of satellite communication. The dead zone
of the Phase Frequency Detector (PFD) is reduced to 1ps
along with the negligible current mismatch ratio of 0.13%
and a fabulous dynamic range of 0.3V to 0.9 V in the charge
pump. The Lock-in range is 8.69 GHz, while the capture
range is 5SMHz.
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