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Abstract

In this paper the effects of thenmal noise in transistors on timing
Jitter in CMOS ring-oscillators composed of source-coupled dif-
Jerential resistively-loaded delay cells is investigated. The rela-
tionship between delay element design parameters and the
inherent thermal noise-induced jitter of the generated waveform
are analyzed. These results are compared with simulated results
Jrom a Monte-carlo analysis with good agreement. The analysis
shows that timing jitter is inversely proportional to the square root
of the total capacitance at the output of each inverter, and
inversely proportional to the gate-source bias voltage above
threshold of the source-coupled devices in the balanced state. Fur-
thermore, these dependencies imply an inverse relationship
between jitter and power consumption for an oscillator with fixed
output period. Phase noise and timing jitter performance are pre-
dicted to improve at a rate of 10 dB per decade increase in power
consumption. !

I. Introduction

Ring oscillators are widely used in phase-locked-loops (PLL) for
clock and data recovery, frequency synthesis, clock synchroniza-
tion in microprocessors, and many applications which require
multi-phase sampling [1] [2]. In many such applications, clock sig-
nals are generated to drive mixers or sampling circuits in which the
random variation of the sampling instant, or jitter, is a critical per-
formance parameter. In some applications the frequency domain
equivalent of jitter, called phase noise, is important. A block dia-
gram of a typical PLL using a ring-oscillator for multi-phase clock
generation is shown in figure 1. Jitter requirements in typical
applications range from on the order of 100 picoseconds r.m.s.
down to less than 5 picoseconds in very high-speed communica-
tions receivers, for example.

Jitter can arise from many sources, including inadvertent injection
of signals from other parts of the circuit through the power supply.
However, interfering sources like these can often be minimized by
the use of circuit techniques such as differential implementations.
In a fully optimized design the main source of timing jitter is the
inherent thermal and/or shot noise of the active and passive
devices that make up the inverter cell. 1/f noise is usually not of
practical importance since it is rejected by the PLL loop filter, and
does not effect the stage-to-stage delay in a DLL. Therefore mini-
mizing the impacts of thermal and shot noise in the basic inverter
cells becomes the key to attaining low timing jitter.
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Figure 1. Ring-oscillator phase-locked-loop with multi-
phase sampling

This paper attempts to determine analytically and through simula-
tion the relationship between the design parameters of the inverter
cell used in the ring-oscillator and the resulting noise-induced jit-
ter. The class of circuits analyzed is source-coupled differential
delay cells with resistive loads, implemented in CMOS technol-
ogy, where the loads are realized by PMOS transistors in the tri-
ode region (figure 2). This particular implementation has proven
useful in practical applications because of its high speed and
rejection of supply noise [1]. In this paper we will first consider
jitter for the individual delay stages in a ring-oscillator, and then
look at the implications for design of the overall ring-oscillator
phase-locked-loop.

II. First Order Timing Jitter Analysis

The period of a ring-oscillator is determined by the number of
stages in the ring and the delay for each stage. Accompanying
each cycle of oscillation is a random timing error due to noise.
The goal of this section is to determine the contribution of thermal
noise sources in an ECL type inverter circuit, like that shown in
figure 2, to the timing jitter of the ring-oscillator.

In this analysis, each inverter stage in a ring-oscillator is assumed
to contribute a nominal time delay, #,, and a timing error, AT, to
each cycle of oscillation. The timing error has a mean of zero and
a variance denoted by Atlz‘ To first order, the delay per stage is
measured from the time when the outputs begin switching to the
time when the differential output reaches zero, as illustrated in fig-
ure 3. With this assumption the nominal delay per stage is given
by

CL
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where Igg / Cy is the output slew rate and Vpp is one half the full
differential output swing. The load capacitance, C; , is the total
capacitance at the output of each inverter.

The random component of the timing delay is estimated using the
first crossing approximation ([3]), illustrated in figure 4. Here, the
simplifying assumption is made that the next stage begins switch-
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Figure 2. Differential delay cell with noise sources

ing when the differential output voltage crosses zero, and the error
in the actual time of crossing is the timing error passed on to future
stages in the delay chain. Figure 4 shows that an error voltage at the
nominal time of crossing shifts the actual time by an amount propor-
tional to the voltage error divided by the slew rate of the output.
Using this approximation, the timing error variance is given by :
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The voltage noise variance in equation (2) is the sum of contribu-
tions of each of the thermal noise sources in figure 2. The contribu-
tion of these noise sources to the differential output voltage is
actually time varying in nature since they change as the circuit
switches. In this section the simplifying assumption is made that the
voltage noise variance will be the same as if the circuit where in
equilibrium. In this case traditional noise analysis techniques [4]
apply and the output referred voltage noise can be determined by
integrating the noise spectral density over the bandwidth of the low-
pass filter formed by the load resistor and the gate capacitance of the
next stage. If this result is combined with (2) and (1), the rm.s. tim-
ing jitter error for one stage normalized to the time delay per stage
can be shown to be :
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Interestingly, the ratio of the timing error to the time delay per stage
is just given by the ratio of the rm.s. voltage noise to the voltage
swing, Vpp. The voltage noise has the familiar k7/C dependence,
and is proportional to another term called the noise contribution fac-
tor, §. In this case & = /1 + (2/3) a, where a, is the small-sig-
nal gain of the inverter. The NMOS noise contribution is given by
the second term in this expression and is proportional to the gain
since, for a fixed output bandwidth, higher gain implies higher
transconductance and hence a larger noise contribution. The PMOS
contribution is the first term which in this case is just one.
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Figure 3. Output waveforms for CMOS inverter chain
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Figure 4. First crossing approximation for timing jitter

III. Second Order Analysis

The first order analysis neglects many important contributions to
noise. A more thorough analysis must consider the time varying
nature of the noise sources, the effects of the tail current noise
sources, and interactions between stages.

Time varying noise sources

The assumption that the voltage noise variance is the same as its
equilibrium value is not valid for the NMOS differential pair transis-
tors since each side switches from fully on to fully off, during which
the transconductance, and hence the noise contribution changes dra-
matically. Furthermore the tail current noise, although rejected by
the circuit when balanced, contributes to the output voltage noise
during other parts of the switching transient.

To simplify the analysis we break up the noise contributions into
two piecewise constant regions of operation, as shown in figure 3.
The tail current noise seen at the output is assumed zero while in
balanced mode (I), and fully on during the unbalanced mode (II).
The NMOS differential pair noise source contribution is approxi-
mately zero for the unbalanced mode!, and is approximated as con-
stant for the balanced region of operation. The contribution of the
triode-region PMOS noise sources is nearly constant for both. To
find the voltage noise at the output as a function the current noise
sources, analysis is carried out in the time domain using autocorrela-
tion functions and convolution. The result is a new noise contribu-
tion factor which captures the time dependence of the output voltage
noise.
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This equation shows that as the circuit begins switching (t=0), the
diff. pair noise contribution (second term) rises exponentially from

1. In the unbalanced mode, one side of the differential pair is off, and the
other side’s contribution is reduced by emitter degeneration.
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zero to its equilibrium value considered previously. The third com-
ponent of the noise contribution factor is due to the tail current noise
source and decays exponentially from its equilibrium value in the
unbalanced mode (II) towards zero when switching begins. It can be
shown that the time constant T is approximately equal to the time
delay of the stage, in which case the exponentials in this expression
reduce to constants at the time of interest, f;. This means that the
noise contribution factor is relatively insensitive to most design
parameters except gain.

Inter-stage Interaction

Figure 4 shows that for a typical CMOS inverter chain the switching
times of adjacent stages overlap and there are times when more than
one stage is in the active region of amplification. In this case it is not
sufficient to consider the noise contribution of a single inverter
alone since noise from one inverter may be amplified and filtered by
the next stage, contributing to the jitter in the subsequent stages in
that manner. A better model is to consider two successive stages,
and determine the voltage noise at the output of the second stage
directly from the thermal noise current sources in the first stage.
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Figure 5. Extended circuit model for inter-stage interaction

Analysis for this case yields a slightly different noise contribution
factor & than before, and an increase in the voltage noise variance
by a factor of 1/2 (a,). With some re-arrangement, the new normal-
ized timing jitter expression can be shown to be :

A'tl rms _ E. 1 ‘&
L NC, (Vgs—Vp)

This means the normalized rm.s. timing jitter is actually given by
the ratio of the kT/C noise level to the gate bias voltage above
threshold for the balanced state, (Vgg - V). If the second term is
brought under the radical, then it is apparent that this fundamental
timing error can also be expressed as the ratio of the thermal noise
energy level to the electrical energy stored on the gate capacitance
of the next stage.
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IV . Simulations

A monte-carlo approach to transient noise analysis was taken to
simulate the jitter performance of ring-oscillators in SPICE. This
approach includes the effects of time-varying transconductances and
inter-stage interaction. Figure 6 shows that, as expected, the normal-
ized timing jitter improves with the square root of Cy. In the graph,
Cp, is scaled by changing the gate width. The gate width and current
are scaled proportionally so as to keep (Vgg-Vr) constant and fix
the delay per stage. Since the static power consumption is propor-
tional to Iy, jitter improves with the square root of power consump-

tion, as indicated by the top axes.
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Figure 6. RMS timing jitter versus inverter size / power per stage

V. Design Implications

When designing a ring-oscillator, the parameter of interest is the jit-
ter per cycle of oscillation. The analysis to this point h»s investi-
gated the intrinsic jitter per delay stage, and we now extend these
results to consider the jitter of the overall ring-oscillator. The jitter
per cycle of oscillation can be used to determine the total PLL jitter
for a ring-oscillator configured in a phase-locked-loop, and can also
be used to predict the oscillator’s phase noise spectrum.

Cycle-to-cycle jitter

Suppose the goal is to design a ring-oscillator with a fixed périod,
Ty, and minimal jitter. For an N-stage configuration the period of
the oscillator is given by 2N X1t ;- and the total jitter variance for
once cycle of oscillation is given by 2N x AT?, provided noise
sources in successive stages are independent. Using the results of
the last section, the jitter per cycle of oscillation, or cycle-to-cycle
jitter, can be shown to be

2
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where the substitution 2N = T/ 1 is used so that the jitter can be
expresses as function of T, rather than N.

To design for low jitter, (Vy-Vry) should chosen as large as possi-
ble. The inverter gain term, @, is the result of inter-stage amplifica-
tion consideration. For designs where this is a factor (more true of
CMOS than bipolar), this implies that a for a fixed delay and fixed
current, the jitter improves with lower gain per stage. Inverter gain
must be kept greater than one, however, for oscillation to occur. The
noise contribution factor, &, is a weak function of most design
parameters except gain. For many CMOS designs, a, is kept in the
range of 1.5-3, and & ranges from 1.3 to 1.9.

The main result of equation (7) is that with everything else fixed, the
timing jitter variance improves linearly with an increase in supply
current. Since power consumption depends on the quiescent current
level, this implies, at least for the class of circuits considered here, a
direct trade-off between power consumption and timing jitter.



Interestingly, the implications of equation (7) to first order do not
change with changes in supply voltage, technology scaling, and
configuration. If (V5-Vpy) is proportional to the supply voltage,
then for a constant jitter, decreasing the supply voltage requires
increasing the supply current by the same amount. This means that
the power consumption stays the same. Scaling of the gate length
gives access to higher speeds, but equation (7) shows that for a fixed
T}, the jitter is proportional to the current itself, and does not depend
directly on the gate length. Velocity saturation effects have not been
neglected, to first order, either, since no form for the current equa-
tion has been assumed. Another interesting result, is that the jitter
variance does not depend on the exact configuration of the oscillator
itself. Each of the configurations in figure 7, for instance, have the
same period if inverters with the same (Vg - V) and I are used;
but by equation (7), they also have the same jitter variance. Power is
minimized, in this case, by using the configuration with as few
delay stages as necessary.
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Figure 7. Multiple oscillator configurations with same period

Equation (7) shows that cycle-to-cycle jitter variance is proportional
to the period, 7)) itself. A better figure of merit, however, is the jitter
normalized to the period of oscillation. The r.m.s. jitter as a percent-
age of the output period (At /T,) actually varies as
1/ JT,. This implies that higher frequency oscillators will have
poorer jitter for the same power consumption.

Overall ring-oscillator PLL Jitter

In a ring-oscillator the variance of the timing error relative to a fixed
reference transition, grows with each successive period of oscilla-
tion unless the oscillator is configured in a PLL. Analysis in [5] [6]
shows that the total r.m.s. jitter when locked in a PLL will be o
times the cycle-to-cycle jitter, where O is a multiplying factor
which is inversely proportional to the bandwidth of the PLL. A
wider bandwidth PLL corrects timing errors more quickly, resulting
in a smaller overall jitter and an earlier roll-off point in figure 8. The
minimum practical value of 0t is limited by clock feed-through, and
other PLL design issues. Q. is typically in the range of 10-100. For a
delay-locked-loop [4], jitter is not accumulated between periods,
and Q is effectively equal to one.
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Figure 8. Jitter variance vs. time for reference transition at t=0

30

Ring-oscillator phase noise

Phase noise is an important figure of merit for oscillators used in RF
applications. An ideal oscillator spectrum is an impulse in the fre-
quency domain at the carrier frequency f;. A real oscillator has its
energy spread over a narrow bandwidth around fj, and phase noise
is a measure of the noise power in a 1-Hz bandwidth at a frequency
Jm » offset from the carrier, relative to the total power of the oscilla-
tor. Phase noise can be determined from ring-oscillator timing jitter
in a few ways. One way is to note that the accumulated phase error
is a Wiener process, in which case its power spectrum can be shown
to be a lorentzian. The other is to relate the spectral density of the
normalized frequency fluctuations to the instantaneous error in the
period of oscillation, (AT / T})), and then use the relationships in
[4] to arrive at the spectral density of phase fluctuations. With some
re-arrangement of terms, the phase noise spectrum can be shown to
have the following form :
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The phase noise is related to the ratio of the offset frequency to the
oscillator frequency, and falls off at a rate of 20 dB / decade for
higher offsets. For a given frequency offset from carrier, the phase
noise improves with higher inverter cell supply currents. Therefore
phase noise is expected to improve with power consumption at a
rate of 10 dB / decade.

VI.

This paper has analyzed the relationship between design parameters
of ECL type inverter cells and the resulting thermal-noise-induced
jitter. The jitter per stage was shown to depend on the ratio of the kT/
C noise level to the (V4-Vr) bias point. The cycle-to-cycle jitter of
aring oscillator was shown to improve with larger bias currents and
the normalized jitter was proportional to 1/,/T}, indicating inher-
ently higher jitter for higher speeds. Finally, the overall jitter in a
PLL and the phase-noise of a ring oscillator were determined from
the cycle to cycle jitter, and phase noise was predicted to improve at
a rate of 10 dB / decade increase in power consumption.
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