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Figure 2.7: Non-integer wrap-around output code linearity

2.2 Integer Wrap-Around

The foregoing analysis suggests that, in order to achieve a uniform edge distribution
and thus good INL, ¢ must equal ¢,,. This is equivalent to the condition that m xt;/Tox =
N, N €1, ie. the total delay of the chain must be equal to an integer multiple of the clock
period (the number of wrap arounds must be an integer). Since the clock period and the
total delay are independent design variables, they must be carefully chosen to satisfy this
condition. Furthermore, it is desirable to maintain this condition across variations such as
process, supply voltage, and temperature. Depicted in Fig. 2.1, to have an integer number
of wrap-arounds, the phase of the edge of the last tap must be exactly 27. Viewed in the
polar domain, this is equivalent to having an integer number of turns in the helicoid (Fig.
2.8). The uniform edge distribution can be verified by drawing a line parallel to the z-axis
and counting the number of intersects of the helicoid. In this particular example, a line at
any phase intersects the helicoid exactly four times, indicating a uniform edge distribution
(Fig. 2.9). Simulation verifies the uniformity of this example (Fig. 2.10), resulting in a ramp
containing no kinks (Fig. 2.11) and good INL (Fig. 2.12). The above analysis assumes that
the beginning of the sampling period (the reference phase) coincides with the edge of the
first tap. But this condition is not necessary. It can be shown that the sampling period can

begin at any time and all of the analysis still holds.
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Figure 2.8: Integer N helicoid graphical model

Figure 2.9: Integer N polar histogram view
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Figure 2.10: Integer N density distribution histogram
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Figure 2.11: Integer wrap-around input-output characteristic
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Figure 2.12: Integer wrap-around output code linearity
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2.3 Effect of Nonidealities

The effect of nonidealities on the TDC linearity for the integer and non-integer N
cases will now be examined. Nominal operating conditions for the proposed TDC design
are set to a voltage supply of 1.8 V and room temperature of 27°C. Figs. 2.13 and 2.14
show the simulated output phases histograms and INL respectively, under nominal operating

conditions and without jitter and delay mismtach.
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Figure 2.13: Non-integer N histogram without mismatch and jitter effect, Vpp = 1.8V, T =
27°C

INL (LSB)
o -

]
—

-2 L L L L
0 16 32 64 128 160 192 224 256

Output code

Figure 2.14: Non-integer N output code linearity without mismatch and jitter effect, Vpp =
1.8V, T =27°C
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The shown histograms are based on the actual ¢4 values extracted from Cadence tools
(tq = 283.1 ps) and the length of the inverter chain is 1020. The clock frequency is set to 60
MHz, yielding an N of 17.32. Fig. 2.13, shows that when the histogram changes experiences
a density change the INL suffers a peak. Figs. 2.15 and 2.16 show the phase histogram and
the INL, respectively, for a TDC with integer N case.
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Figure 2.15: Integer N histogram without mismatch and jitter effect, Vpp = 1.8V, T =27°C
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Figure 2.16: Integer N output code linearity without mismatch and jitter effect, Vpp =
1.8V, T =27°C
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2.3.1 Jitter

Random noise from the transistors changes the clock delay through each delay cell.
This introduces jitter in the edges of the delay chain. To study the effect of jitter on
the TDC’s linearity, the standard deviation of the jitter of a delay cell is extracted from
transistor-level transient simulations (0.5% x t4). Next, this jitter is added as a Gaussian
noise to the nominal delay of each delay cell in the behavioral simulations. Figs. 2.17 and
fig.2.18 show the output phases density distribution histogram and INL, respectively, for a
TDC with a non-integer N and jitter.
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Figure 2.17: Non-integer N histogram with jitter effect, Vpp = 1.8V, T = 27°C
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Figure 2.18: Non-integer N output code linearity with jitter effect, Vpp = 1.8V, T =27°C
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Figs. 2.19 and 2.20 show the phase histogram and INL, respectively, for a TDC with
an integer-N and jitter. Comparing Figs. 2.17, 2.18 to Figs. 2.13, 2.14 and Figs. 2.19, 2.20
to Figs. 2.15, 2.16, it can be observed that jitter has a little effect on the linearity of the TDC.
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Figure 2.19: Integer N histogram with jitter effect, Vpp = 1.8V, T =27°C
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Figure 2.20: Integer N output code linearity with jitter effect, Vpp = 1.8V, T =27°C

2.3.2 Mismatch

The delay through each delay cell is not identical in an actual chip due to mismatch.

This effect can be modeled by adding a normally distributed delay error to the nominal delay
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for each delay cell. The delay error’s standard deviation is extracted from Monte Carlo simu-
lations. The mismatch (0=24.2 ps) is added to the delay of each delay cell in the behavioral
simulations. Figs. 2.20 and 2.21 show the phase histogram and INL, respectively, for a TDC
with a non-integer N and mismatch. Figs. 2.22 and 2.23 show the phase histogram and INL,
respectively, for a TDC with an integer-N and mismatch. Comparing Figs. 2.21, 2.22 to
Figs. 2.13, 2.14 and Figs. 2.23, 2.24 to Figs. 2.15, 2.16, it can be observed that mismatch
lightly increased INL on the linearity of the TDC.
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Figure 2.21: Non-integer N histogram with mismatch and jitter effect, Vpp = 1.8V, T =27°C
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Figure 2.22: Non-integer N output code linearity showing mismatch and jitter effect Vpp =
1.8V, T =27°C
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