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Abstract: A new configuration for delay cells used in voltage controlled oscillators is presented. A jitter comparison be-

tween the source-coupled differential delay cell and the proposed CMOS inverter based delay cell is given. A new method

to optimize loop parameters based on low-jitter in PLL is also introduced. A low-jitter 1. 25GHz Serdes is implemented in
a 0. 35um standard 2P3M CMOS process. The result shows that the RJ (random jitter) RMS of 1. 25GHz data rate series
output is 2. 3ps (0. 0015UD and RJ (1 sigma) is 0. 0035UI. A phase noise measurement shows — 120dBc¢/Hz@ 100kHz at

1111100000 clock-pattern data out.
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1 Introduction

With the quick development of communication
systems,serial data communication has emerged as a
mainstream technology for Gb/s wirelines and optical
links. Serdes stands for Serializer and Deserializer. As
speeds reach gigahertz, jitter problems will emerge
because the timing margin is stringent. There have
been many attempts to lower jitter in high speed data
communications, and some specific structures are
presented in Refs. [1,2]. Loop-parameter optimiza-
tion based on a phase-locked loop is presented in
Refs.[3,4] to meet jitter specifications.

This paper brings forward a new configuration
for a low-jitter ring VCO used in PLLs both for trans-
mitters and receivers in 1. 25GHz SerDes, which can
be used as a physical layer in 1000 Base-T Ethernet
networks. The design focuses on timing jitter because
jitter is a main specification in series data communica-
tion.

2 Architecture

A serializer is time division multiplex. It consists
of four parts, as shown in Fig.1. Ten parallel data
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Fig.1 Transmitter architecture in Serdes
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Tx(9) to Tx<0) at 125M data rate are latched in the
register,and go out in series through shift registers at
a rate of 1. 25GHz clock provided by TX_PLL clock
generator. The high speed data is transmitted into a
cable,normally a 50Q) resister, through a line driver,
which is used as a matching network.

The TX_PLL structure is shown in Fig. 2, where
a third-order type 2 loop is used. This loop is com-
monly used because of its good performance for fre-
quency steps.

3  VCO block design

Ring VCOs have been widely used in a number of
applications,such as clock and data recovery, which
do not have as serious constraints on phase noise as
radio applications. VCO design is decisive in PLL be-
cause system phase noise in PLL is equal to that in the
VCO outside open-loop bandwidth. Furthermore,
there is close relationship between jitter and phase
noise. There are many critical issues surrounding the
implementation of ring-oscillator VCOs. The realiza-
tion of a VCO with low-jitter, low phase noise, good
supply noise rejection, and high frequency capability
requires trade off and careful attention, taking
process,temperature,and power supply variation into
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Fig.3 Source-coupled differential delay cell™

consideration. This section introduces a new schematic
such as a CMOS inverter delay cell, voltage-to-current
(V2I) used in a ring oscillator VCO. Compared to
source-coupled differential delay cell in Ref.[6],low-
jitter and low power dissipation are obtained in
CMOS inverter delay cells.

3.1 CMOS inverter delay cell

Many papers ®” have introduced timing jitter in
ring oscillators. One stage of a source-coupled differ-
ential delay cell is given in Fig. 3. It is widely used be-
cause of its high speed and rejection of supply noise.

When designing a ring oscillator for Serdes, the
parameter of interest is the jitter per cycle of oscilla-
tion,or cycle-to-cycle jitter. Reference [6] gave three
methods for modeling circuit noise induced timing jit-
ter. For suppression of inside bandwidth phase noise
in PLL,1/f noise in the ring oscillator can be omitted
for the moment. All thermal noise of the transistor is
shown in Fig. 3. For the first method in Ref.[6],a
simplifying assumption, including
sources,is made, so that the basic path from current
noise to output voltage noise to timing jitter can be il-
lustrated. The second method adds timing-varying
effects,requiring more sophisticated methods like au-

constant noise

tocorrelation function analysis at the time domain.
The third method presents a complete analysis using
the same tools as the second method but takes inter
stage amplification into consideration, and gives the
output voltage noise for one stage and cycle-to-cycle
jitter, which are:

Vi) = ’éT X “Z;ﬁ (1)
L
2 — kT avgf
ST NG 1 E—
M = T X gty T ()

where the £ is the parameter concerning noise sources
in Fig. 3, and the more noise sources, the larger the
parameter ¢ is. From a circuit design view,increasing
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Fig.4 Structure of VCO using CMOS inverter cell

static current [ and voltage room Vg, can decrease
timing jitter,but,in fact,increase the power consump-
tion. The single stage voltage gain a, in Eq. (2) comes
from the effect of the inter stage influence, and a,
cannot be too small to make a ring oscillator func-
tion. Therefore, timing jitter is limited by the circuit
itself.

A more competitive configuration adopted in this
paper is shown in Fig. 4. Transistor m0 serves as a cur-
rent mirror and provide reference current I,.;. Block
voltage-to-current transfers voltage to current [y,.
The current flowing to CMOS inverters [, is I, mi-
nus I, . thus changing the delay time and the fre-
quency of oscillator as I, changes.

The voltage controlled oscillator proposed in this
paper has good PSRR due to transistor mO in Fig. 4.
The equivalent small signal current for the CMOS in-
verter with the current tail is shown in Fig. 5. Figure 5
is when the inverter is in the switching point where it
is most vulnerable from noise when calculating timing
jitter.

The current source is similar to the differential
delay cell presented in Ref.[8],and PSR can be ap-
proximately expressed as

AVopirr(s) . 1+ gmriCys
AViop(8)  gheri + sgmra(C, + C)

Figure 6 shows the simulation results of the out-

put PSR of a single stage inverter in Fig. 4.

3

3.2 Jitter analysis

A great deal of effort has been made to analyze

Fig.5 Equivalent small signal circuit for inverter
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Fig.6 Simulated PSR of CMOS inverter

timing jitter, especially random jitter. Mcneil ™*',
Weigandt® analyzed the jitter at the time domain,
and the result matched the theory well. Due to a lack
of analysis of CMOS inverter based delay cells, this
section will extend the analysis of differential delay
cell to inverters. Figure 7 (a) is a three stage inverter
ring VCO. Reference [10] gave the theoretical analy-
sis and empirical expression of the delay time of a sin-
gle stage of inverter as follows:

t t h C

777 va
where h is the empirical parameter which is normally
108%), With the assumption that the load capacitor is

td = (4)

dominated by the gate capacitor C., the oscillation
frequency is
fo = 1 _ ﬂvddi{
°  2Nityq NhL*
Oscillation frequency is proportional to V; and is
sensitive to ripples in voltage. But the configuration in
Fig.7 (a) avoids this problem as V4 is quite clean.
Before further analysis, it is worth noting that

5

the timing jitter is noise superposed on the signal of
the inverter output, as shown in Fig. 7 (b). We will
analyze the output voltage noise of the second stage
below. If V, is above the threshold voltage of the in-
verter, the first stage inverter will discharge to Vi
and the second will charge to V. Thinking that the
noise of the first stage is amplified by the second
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Fig.7 (a) CMOS inverter VCO; (b) Signal and noise in three
stage inverter
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Fig.9 Small signal equivalent circuits for the first stage at ris-
ing edge (a) Equivalent circuit for AC noise calculations; (b)

Simplified AC noise calculations

stage,i.e. ,taking the inter stage influence into con-
sideration, Figures 8 ~11 give waveforms and small
signal equivalent circuits. Assuming the switching
point happens at zero time, the ideal switching point
for the output of the second stage is 2¢,. But,random
noise will force a deviation in the output voltage from
the ideal switching point by At,, the relationship of
which is:
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Fig.10 Small signal equivalent circuits for first stage at falling

(®)

edge (a) Equivalent circuit for AC noise calculations; (b) Sim-

plified AC noise calculations
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Table 1 Noise source of the first stage of delay cell
. Region I Region I1
Noise generator
(ta<<t<typ) (te<<t<te)
i 0 4KTygmo
i% 0 4KTygus
i% i% =4KTyguse 0
A[d.rms _ Avn.rms
= (6)
Ly Vi

This equation shows that the timing jitter per de-
lay stage normalized to the time delay is equal to the
RMS noise voltage at the output normalized to the
voltage swing V.

Table 1 lists the noise source of the first stage of
the delay cell in Fig.7 (a). The deduction is similar to
the Appendix in Ref.[6]. In this paper.,complete re-
sults based on the third method are presented.

V—:Zﬁ(t) = %ai}’zRu’gdsz/\al(I) D)
VI + VL = %aiwmwgm +

Y1 Ringaa DA (1) (8)

Vi) = vE () + vE() + vE () (9

Aa () = 1=[1+ 2at + 2Cat)?Je 2 aom

Ao (t) = [1+ 2at + 2Cat)? Je* 1D

where a = 1/R C. . Parameter y is fairly close to the
same parameter for devices in the triode region''* .
Aa(t) and A, (t) are the factors that characterize the
weight of the noise. Figure 12 shows the A, (1), A,
(t) value at different Vgu;. When Vg > 1.5V, A
(2t4)>0.9, which means i% contributes above 90%
of the noise. This can be explained as the memory sys-
tem,where the jitter in 2¢4 is decided mostly by the
noise source in the t,<{t<t, period in time-varying
analysis.

Fig.12 A factor versus Vg

If Rip = Rinsthen Ripgee = Ringaa - Total volt-
age noise v2(t) can be simplified by canceling Eq. (7)
when adding Eqs. (7) and (8).
Therefore, the total output noise of the second
stage can be expressed as
KT

;g.(l> = Taf{7+ 7(>gm(>RLNAa2(t)}
L

KT

2 &2
ZCLavSCZ

12)
Thus, parameter & can be obtained. Equation (13) is
for CMOS inverter proposed in this work and Equa-
tion (14) for differential delay cells in Ref.[6].
& = 7+ 7 8mRinAe (210 (13)
£ =27 + 274,40 (2t) + ¥vsa/2a(1 + DA, (214)
(14
It is clear that & <T& in these ways: (1) the differenti-
al delay cell has a symmetrical structure and good
common mode noise rejection,but has twice the noise
source of the CMOS inverter; (2) the CMOS inverter
with current source degenerates g, and thus the noise
source;and (3) If Rip = Rinx->then Ripgae = Ringas s
canceling the A, (2t,) item.

Table 2 summarizes the results of two different
VCOs,which have similar forms for noise and RMS
jitter of random noise. It can be deduced that RMS
jitter in the proposed delay cell is one-tenth of that in
the differential delay cell under the condition that
Vaiis 2V and V, — V,is 0. 3V,and the other parame-
ters in Table 2 are the same.

3.3 Voltage-to-current (V2I) block

The voltage-to-current circuit is quite important
because it decides linearity, K,,, and tuning range.

Table 2 Comparison between two VCO configurations

Differential delay cell®

Proposed inverter delay cell

Voltage noise of
one stage

—, KT , .
2 — 2 g
va(t) ZCLavff

a,&

RMS jitter of VCO

KT
\'C(): . X
Az \/pn(vgs— VoL 2(Vy - Vos b
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Fig.13 Voltage-to-current circuit
. . . 0.75
K .. influences phase noise by deciding the loop band-
width. A large tuning range contributes to frequency
. . c - 0.50
stability if process and temperature variation are
taken into consideration. The design of the VZI circuit
1 1 1 1 |
shows trade off. The simplest implementation is one 0'250 1 2 3
transistor because one single transistor serves as volt- %
age to the current transformation. The simulation re- 225 (b)

sult in Fig. 14 (b) reveals that its K, is quite large,
which deteriorates phase noise if the low pass filter
noise cannot be ignored. Meanwhile, the linearity
voltage range is 0. 5~2. 5V where oscillation frequen-
cy is linear. The K,, around 1.25GHz is about
800MHz/V.

The proposed voltage-to-current circuit is shown
in Fig. 13. One way to decrease K, is to design a V2I
circuit that has a voltage gain that is smaller than
one. The first and third stage of V2I uses diode con-
nected transistors as load to increase linearity. The
second stage uses a cascode configuration and the to-
tal gain is about 0. 7. Figure 14 (a) shows the exten-
sion of the linearity range, which spans from 0 to
2.8V, while K,, is about 600MHz/V at 1.25GHz.
The tuning curve has different directions between
Figs. 14 (a) and 14 (b) because of the three stages in
the V2I circuit.

4 System considerations

In this section, we will introduce a new method to
design the loop parameter in the TX_PLL. Bandwidth
is the key parameter that determines phase noise and
settling time and shows trade off in the design. The
open loop transfer function can be expressed as

_ K R 1 .
G(s) = S<1+STZ><1+STZ/b> (15)
K = R]CPKVCO/(ZJTN) (16)

7, = RC, 17)

where K can be approximately taken as the open loop
bandwidth of PLL if b, the ratio of C, to C, in
Fig. 2,is greater than 20. The phase margin is approx-

Fig.14 Tuning curves of VCO
transistor

(a) V2I block; (b) V2I single

imately .
PM = arctan(Kr,) — arctan(Kz,/b) (18)
Combination of Eq. (19) makes sure of a 60° phase

margin,
b>12
b*«/b2f12b<Kz_<b+«/b2—12b am
| 23 Z 243

It should be also mentioned that Kz, = (2¢)*,
where ¢ is damping factor in the second order system.
Jitter peaking (JP) decreases with increasing Kr,
item, and a rough relationship between JP and ¢ can
be expressed as 20lglP= 2.172/¢". If JP<1dB,
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Table 3 Loop parameters

I R i Cs P
20uA 6k 320pF 9pF 0.5dB
K veo N BW PM

600MHz/V 10 2MHz 63"

Fig.15 Layout of Tx PLL

Kz, =10 should be insured. But at the same time, sta-
bility condition shows Kr, is limited by Eq. (19). To
insure enough phase margin requirement, b = 35 is al-
so decided. The tough point here is how to decide val-
ue of bandwidth. Reference clock, 125MHz crystal
oscillator has phase noise of — 125dBc/Hz @ 100kHz
and —140dB¢/Hz@1MHz. Simulation  shows
1. 25GHz VCO output has phase noise of —65dBc/Hz
@100kHz and — 90 dBc/Hz@1MHz. Take trade off
into consideration, 1MHz bandwidth is first con-
firmed. Then combine Eqgs. (15)~(19), loop param-
eter is finally fixed on in Table 3.

5 Performance

Figure 15 shows the layout for the Tx PLL loop.
Some layout methods,such as adding guard rings and
coupling capacitance between Vpp and Vgnpsand tak-
ing analog digital power input apart contribute to sup-
pressing voltage coupling noise,thus compensating the
drawback for single-ended ring oscillator.

Figure 16 is the serial output histogram measured
at the end of 36" SMA cables and 2” trace connected
to Dourpn With R, =147(Q to gnd and ac-coupling cap

Histogram
4862.0 Pwe

40517 k- oh1

/ |
H 24310 ‘ “‘ /\
: 1620 —F ; v \
810.3
o
769.1 782.6 7961 809.7 823.2 836.8
Time(ps) [mned below is i-sigma of gaussian component]
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28.713 2.488 2.121 2.305 60.082 110000 91
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Fig.16 Histogram of series output
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Fig.17 Output bathtub curve
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Fig.18 Phase noise of Dup/n

=0.1pF, 1010101010 data pattern at 1.25GHz data
rate. RJ] RMS is 2. 3ps (0. 0015UD).

Figure 17 shows the serial output bath-tub curve
measured in the same test environment and data out
at 1 X 107" bit error probability. The test result shows
that RJ (1 sigma) is 5. 75ps (0. 0035UI) with a single
inverter stage [,,, = 290pA, compared to 1-sigma o, =
13ps(0. 008UT) at I = 400pA in Ref. [ 7], which is
implemented in a bipolar process and with a 622MHz
center frequency.

Figure 18 shows the phase noise of D, With a
1111100000 data pattern at 1. 25GHz data rate. Meas-
urement shows — 120dBc/Hz @ 100kHz, compared to
— 124dBc/Hz @ 100kHz at 25MHz clock out in
Ref.[14].

6 Conclusion

A comparison between a source coupled differen-
tial delay cell and a CMOS inverter is given, which
shows many advantages for the inverter, especially
with respect to RMS jitter and low power consump-
tion. Voltage-to-current circuit design also reveals
trades off between K. and the tuning range. The sys-
tem considerations in section 4 are conductive for de-
signing low-jitter PLL.

A low-jitter 1. 25GHz Serdes was implemented in
a 0. 35pm standard 2P3M CMOS process. The results
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Table 4 Performance comparison [ 5] Gardner F.Charge-pump phase-lock loops. IEEE Trans Commun.
Circuit Process Timing jitter Areca 1980,28(11): 1849
Ref.[15] 0.35,m CMOS | 11ps(RMS) lmm X lmm [ 6] Weigandt T C. Low-phase-noise, low-timing-jitter design tech-
Ref.[16] 0. 18,m CMOS | —7. 2ps(RMS) | <0. 3mm X 0. 8mm niques for delay cell based VCOs and frequency synthesizers. PhD
. . (L. . . .
- ,. Thesis, UC, Berkeley,1998
Agilent Serdes Bipolar 5. 2ps(RMS) — . . o R X L
o " 0 35.m CMOs | 2.3 S X e [ 7] MecNeil J AlJitter in ring oscillators. IEEE J Solid-State Circuits,
X
This wor . 35um CM . 3ps(RMS) . 7mm X 0. 45mm 1997.32.6

shows good timing jitter and phase noise perform-
ance. Table 4 presents the performance comparison
between 1. 25GHz ring VCO based PLLs and shows
that the configuration proposed in this paper is better
for RMS timing jitter.
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