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Abstract—This paper discusses the mechanism behind dynamic
jitter accumulation in clock repeaters, considering the impact
of power supply noise correlations. We show that differential
and common mode noise have a different impact on jitter accu-
mulation, depending on correlations between cascaded repeater
stages. We also propose a simple accumulation model that can
be used to replace time-consuming transient noise simulations.
Besides providing an useful insight regarding the impact of
noise correlations on jitter accumulation, the model’s accuracy
is shown to be within 10% of SPICE results.

Index Terms—Jitter, Power Supply Noise, Clock Repeaters.

I. INTRODUCTION

Most dynamic jitter models are based on the assumption
that power variations are mirrored in the ground distribution
network [1], [2]. This is true when all the devices share the
same power and ground voltages, and is typical in wire-bonded
dies. However, trends in device and packaging technology
have changed this traditional assumption and differential mode
noise (DMN) can no longer be generally considered dominant.
It has been shown in [3] that common mode noise (CMN) has
a significant impact on delay variability and thus, should not be
neglected when analyzing jitter in clock distribution networks.
However, their analytical approach fails to address the impact
of correlation between noise sources in adjacent repeaters.

In this paper we investigate the impact of noise correlations
on clock jitter accumulation. The popular statistical accumula-
tion model states that the variance of the sum of uncorrelated
random variables is the sum of their variances and the standard
deviation of the sum of totally correlated random variables
is the sum of their standard deviation. Although this model
is commonly used to describe jitter accumulation [4]-[6], it
disregards the impact of input noise on the repeater’s response
to its own power supply noise (PSN) sources.

To solve this issue, we propose a modified statistical accu-
mulation model for dynamic jitter. It can be used to predict
jitter accumulation bounds with higher accuracy than the
conventional statistical approach, with a residual computa-
tional cost. Also, it provides a better insight regarding the
complementary mechanisms of jitter generation and accumu-
lation, as well as regarding the impact of noise correlations.
We will show that if noise sources are totally correlated in
cascaded repeaters, DMN jitter accumulates much faster than
CMN jitter. On the contrary, DMN jitter accumulates slower
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Fig. 1. Cascaded CDCs and their output jitter.

if noise sources are weakly correlated. This insight and the
ability to accurately predict jitter bounds in cascaded repeaters
can be useful to promote floorplan-based power and clock
distribution design in order to minimize jitter accumulation.
This can be particularly effective in bump-bonded and low
inductance package styles, where DMN is not dominant and
cascaded clock repeaters may experience uncorrelated PSN
contributions.

The rest of this paper is organized as follows. In section II,
we explain the mechanism behind jitter accumulation in clock
repeaters and propose a modified statistical model, considering
noise correlations. Section III evaluates the proposed model
accuracy and discusses the impact of noise correlations on
jitter accumulation. Conclusions are given in section IV.

II. DYNAMIC JITTER ACCUMULATION MODEL
A. Jitter in Cascaded Repeaters

In cascaded repeaters, jitter associated to a clock path
depends on jitter generated by each clock distribution cell
(CDC) on that path. CDCs are usually designed to exhibit
similar input and output transition times, so a given clock
path can be represented by a cascade of balanced CDCs
(with similar effective fanouts). In Fig. 1, we represent such a
general clock path with N equivalent CDCs affected by PSN
sources. Here, oy, , is the total jitter observed at the output
of cell 4, which is different from the jitter generated in cell ¢
(0t4.,;)» due to jitter amplification and accumulation.

To explain the physical mechanism behind jitter amplifi-
cation, we present here the results of a simple experiment
with three cascaded CDCs. We varied the supply and ground
levels on the first cell and compared the waveforms along that
line (v,;) with the waveforms of a reference line (v,;), with
nominal supply and ground levels. Fig. 2 shows the waveforms
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Fig. 2.  Waveforms of a reference CDC line (v,;) and a CDC line affected
with PSN in the first cell only (v,;) for: a) CMN; b) DMN.

for CMN and DMN, where Aty; is the instantaneous delay
error observed at the output of cell 7. Note that absolute jitter
is by definition the standard deviation of Aty; [4].

The graphics show that for both CMN and DMN, the in-
stantaneous delay error introduced by the first cell is transfered
to the second cell with gain. This gain results from the fact
that the second cell’s input voltage is different from its supply
voltage, which affects its response to the input transition. After
the second cell, the delay error does not increase because there
is no further influence of PSN sources (applied to the first cell
only). The gain for uncorrelated PSN sources (¢g") has shown
to depend on the relative position between the noisy CDC and
the observed cell, and to be higher for DMN than for CMN. It
has also been shown to depend on the CDC design parameters,
as will be discussed latter in this paper.

A second experiment was performed to observe jitter gain
when CDCs have totally correlated PSN sources. We used the
same repeater line, but now all cells share the same power
and ground levels. The resulting waveforms are shown in Fig.
3. We can see that the instantaneous delay error measured
at the second cell is not twice the error measured in the
first cell, as we would expect in a cascade of identical cells
with correlated noise sources. For CMN, the amplification
gain is even negative (attenuation), which almost mitigates
jitter accumulation. This negative effect of CMN in cascaded
inverters has also been observed in [3]. On the contrary, DMN
causes a significant jitter amplification as all contributions have
a positive effect on jitter accumulation. The gain for correlated
sources (g°) is thus different from g, although it also depends
on the noise mode and CDC design parameters.

B. Bounds for Jitter Accumulation

If PSN sources are uncorrelated in each CDC, we can use
the superposition principle and an amplification gain parameter
to estimate jitter along the line, as shown in (1). The gain
elements define a lower triangular matrix [¢"] with g;;" = 0,
for j > 4 and g;; = 1, for j = 4. Each element g;;“ is
the gain applicable to jitter generated in cell 7 in order to
obtain its contribution to jitter in cell ¢. Note that we sum
jitter variances because jitter contributions from uncorrelated
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Fig. 3. Waveforms of a reference CDC line (v,;) and a CDC line with the
same PSN sources in all cells (v,,;) for: a) CMN; b) DMN.

sources are independent random variables (the superscript u
stands for uncorrelated noise sources). To obtain the individual
estimates oy, ., we can use Monte Carlo simulation results
for voltage variations [6], transient noise simulations [7] or a
scalable jitter model like the one proposed in [8].

02, “Inxr = [0 Tvun - (07, v (1)

If PSN sources are totally correlated, we cannot use the
superposition principle. In this case, the dynamic jitter after
N cells depends on the sum of individual standard deviations
and on the gain for totally correlated sources. In (2) we show
the expression to compute dynamic jitter at the output of cell
k in a cascade of N cells. The superscript ¢ indicates the
assumption of correlated PSN sources.

k
00, Inwt = [9TN1 - > 0ty 2)
i=1

C. Jitter Amplification Gain Characterization

In a general clock path, the amplification gain depends on
many different design and noise parameters, and is associated
with the repeater’s non-linear behavior during the signal tran-
sition. Thus, it is not straightforward to derive an accurate
analytical model for [¢g%] and [¢°]. Instead, we propose an
heuristic method based on the characterization of a reference
repeater line with N = 5 similar CDCs. Screening experiments
revealed that this is a sufficient number of cells to provide an
accurate characterization.

For uncorrelated PSN sources, the amplification gain can be
obtained with transient noise simulations with PSN applied to
the first cell only. This can be done because g dependsonly on
the relative position between the noisy CDC and the observed
cell. We used MATLAB to generate a set of power and ground
noise samples (with the same standard deviation o, ), which
were imported into SPECTRE as piece-wise linear files in
CMN and DMN configurations. Simulations were repeated
for different noise modes, noise variances and CDC design
parameters. The relevant design parameters in this line are
the CDC’s fanout ratio (ry = Coy:/Cip) and resistance ratio

2566



(rr = Rjni/Ryrep). Here, R;y, is the interconnect resistance,
Ry is the repeater’s ON resistance, Cy, is its input capaci-
tance, and C,,,; is its output capacitance, which includes both
the interconnect (C;,,;) and load capacitances (Cp).
Simulation results were then used to obtain the gain ele-
ments (g;;“), computed as the ratio between jitter measured at
the output of cell ¢ and jitter generated in the first cell (j = 1),
as shown in (3). For correlated PSN sources, the amplification
gain elements (g;°) can be obtained with a similar procedure,
but with the same PSN sources applied to all CDCs in the line.
They are computed as the ratio between the jitter measured at
the output of each cell and the total expected jitter at that node.
In this case, the expectable jitter at the output of cell N is just
N times the jitter observed at the first cell (4).
gij" =01, o1, i=1,..N |, j=1

3)

4)

Simulation data can then be arranged in look-up tables
or fitted into polynomial expressions. For uncorrelated PSN
sources, the gain elements depend on the noise mode, the
noise standard deviation as a percentage of the supply voltage
(Vn = 04, /Vaa), the fanout ratio r t» the resistance ratio r,. and
the relative position between the observed cell and the noisy
cell (M = ¢ — j). If PSN sources are totally correlated, the
gain elements have the same dependencies but now the relative
position M is replaced by the number of cascaded cells (V).
This is summarized in (5) and (6), for uncorrelated and totally
correlated noise sources, respectively. Here, f4“, f.*, fa© and
/¢, are polynomial expressions that fit characterization data.

gi“ =0,/ (z . atdvlc) ,i=1..,N

1, i=j
u fdu(Mal/n,Tfarr), Z>]/\DMN (5)
Yo = f (M, vp,rp,re) , 0> jANCMN
0, i<j
1, i=j
9:° =< fa°(N,vp,rp,1) , i=2,., NADMN  (6)

fE(Nyvp,rp,ry) y i=2,... NACMN

In Fig. 4 we present g1 “ and g ¢ results, with k =1, ..., 5,
obtained for a 90nm inverter repeater. For uncorrelated noise
sources, jitter amplification is shown to be almost constant
after the second cell and higher for DMN than for CMN.
The most relevant design parameter is shown to be 7.,
which significantly reduces jitter accumulation. This means
that interconnect resistance is beneficial for jitter accumulation
when PSN sources are uncorrelated. When noise sources are
correlated, r, also has a beneficial impact on DMN jitter
accumulation but the most relevant parameter is shown to be
noise amplitude (v,,). On the contrary, jitter gain for CMN is
shown to be very low (<< 1) and depend almost exclusively
on the number of cascaded cells.

[on=5% & —m1f=211r=0 —@-rf=8lrr=1 »-rf=81rr=0]
3,0 5,0

u
2

[n=10% & <~ rf=81rr=0 ]

~n < < < g; « <
<

DMN

Fig. 4. Jitter gain for different design parameters and noise correlations.
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DCD3 DCD4 DCD5 DCD1

DCD2
(a) (b)

DCD3 DCD4 DCD5

Fig. 5. litter model evaluation for CMN, DMN and MMN: a) uncorrelated;
and b) correlated noise sources.

III. ACCUMULATION MODEL EVALUATION
A. Model Accuracy

Model results are compared with simulation data, using a
two stage symmetric H-tree implemented in a 90nm tech-
nology. Each clock path has five inverter-based CDCs with
ry = 4. We considered a uniform load distribution and
geometric wire sizing. Jitter accumulation along the tree was
then evaluated with transient simulations, using low-frequency
noise sources with different modes, amplitudes and correla-
tions along the clock paths. Low-frequency means that the
noise cut-off frequency is lower than the clock frequency.

In Fig. 5 we compare simulation results with model pre-
dictions, for uncorrelated and totally correlated PSN sources.
Each plot shows the results for CMN, DMN and mixed-
mode noise (MMN) sources, with v,, = 3%. MMN sources
follow independent random sequences, which results in 50%
CMN and 50% DMN in each CDC. In Fig. 6 we graphically
represent the model accuracy with x-y plots. The x-axis
corresponds to model predictions while the y-axis corresponds
to simulation results. We can see that jitter is well estimated,
with most points falling above the 45 degrees line. The model
error, calculated as a percentage of the simulation results,
is shown to be inferior to 10%. Note that individual jitter
estimates were obtained using a scalable jitter model based
in [8], which also contributes to this error.

Our model was also evaluated for trees designed with
variable interconnect parameters (C;,; and R;,;), wire sizing
techniques (geometric or uniform) and chip size. However, it is
not practical to graphically represent the results for all of these
experiments. We prefer to quantify the model accuracy with
the plots shown in Fig. 7. Jitter is shown to be well estimated,
with most points falling on the 45 degrees line. Again, the
model error is inferior to 10% in all the experiments.
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Fig. 6. Model accuracy: a) uncorrelated; b) correlated noise sources.
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Fig. 7. lJitter model accuracy for different interconnect parameters, wire sizing
techniques, chip sizes and: a) 2 stages (N = 5); and b) 3 stages (N = 7).

B. Discussion on Jitter Accumulation

At this point, it is interesting to discuss the implications
of noise correlations on dynamic jitter accumulation. Circuits
with wire-bonded packages usually have symmetric power and
ground noise variations (dominant DMN). We have shown in
Fig. 5 that DMN is beneficial for jitter accumulation only if
noise sources in adjacent repeaters are uncorrelated. However,
most PSN in wire-bonded packages is low-frequency and
highly spatially correlated [9]. In this case, jitter accumulation
can only be reduced if noise sources can be decorrelated, using
dithering or similar techniques.

For bump-bonded and low inductance packages, DMN is
dominant only if cascaded repeaters share the same local
power distribution parasitics (when repeaters lie in the same
power block). In this case, noise sources are probably also
highly correlated and jitter accumulates fast. On the contrary,
if clock repeaters are placed in different power blocks, DMN
may no longer be dominant. This is beneficial for jitter accu-
mulation if noise sources are correlated in adjacent repeaters,
but detrimental if they are independent. In this scenario
(repeaters placed in different power blocks), noise sources
are not expected to be totally correlated and we cannot take
fully advantage of the beneficial impact of CMN. Nevertheless,
we believe that this approach can result in a positive net
effect because the beneficial impact of CMN for correlated
sources is by far more significant than its detrimental effect
for uncorrelated sources. Also, this difference becomes more
pronounced with the number of cascaded repeaters.

C. Comparison with Statistical Model

Simulation results shown in Fig. 5 are here compared with
results obtained with the conventional statistical accumulation
(SA) model. In Fig. 8, we show the SA model error computed
as the difference between SA model predictions (¢, s,)
and simulation results (oy, ), as a percentage of simulation
results (e = (C’td,i\sf; — 0¢,,)/01,,)- We can see that the
SA model fails to predict dynamic jitter accumulation in

-4+ CMN ¥ MMN -o DMN v MMN  -o- DMN

1000%

750%
v

500%
250%

-60% -60%
DCD1 DCD2 DCD3 DCD4 DCD5  DCD1

0%
DCD5

DCD2
(a) (b)

DCD3 DCD4

Fig. 8. SA model error: a) uncorrelated; b) correlated noise sources.

most situations. When noise sources are uncorrelated, the
statistical model (sum of variances) follows the same trends
shown by simulation results, but underestimates jitter with
an error around —40% after only five clock repeaters. When
noise sources are totally correlated, the statistical model (sum
of standard deviations) provides even worse predictions. For
CMN, jitter is considered to accumulate very fast disregarding
the positive effect of CMN in cascaded inverters. In this case,
the error is big and non-monotonic. The error is also significant
for DMN and MMN, with €4, = —50% and €,,mn ~ 15%.

IV. CONCLUSION

In this paper we analyze jitter accumulation in clock re-
peaters. We propose a simple and accurate model to predict
dynamic jitter accumulation bounds, considering noise corre-
lations between power and ground distribution networks, and
between adjacent repeaters. Simulation results have shown that
the proposed model provides much more accurate predictions
than the conventional statistical model, which disregard the
impact of input PSN. The presented analysis, where jit-
ter generation and accumulation are seen as complementary
mechanisms, may also be helpful to grasp the importance of
noise correlations on dynamic jitter accumulation.
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