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ABSTRACT Two major mismatches in SR latch-based time amplifiers (TA) include input skew, which
causes gain imbalance, and loading mismatch, which reduces gain accuracy. Accordingly, we propose an
all-digital mismatched self-calibrator and compensator for an SR latch-based variable-gain TA. Tunable
matching cells and variable capacitors are built into TAs to compensate for input skew (gain imbalance) and
loading mismatch (gain inaccuracy). To ensure that the proposed calibration works efficiently and accurately,
the TA must provide at least high and low gains where the low gain calibrates the most significant bit (MSB)
and the high gain calibrates the least significant bit (LSB). This self-calibrator costs 4375 gates, and the
power consumption is 2.8 mA for the TA gain with 2 and 3.2 mA for the TA gain with 16 at a sampling rate

of 10 MHz.

INDEX TERMS Mismatch calibration, self-calibration, time amplifier.

I. INTRODUCTION

Time amplifiers (TAs) are widely used for time interval
measurements in time-to-digital converters (TDCs), time-of-
flight (TOF) [1]-[5], analog-to-digital converters [6] [7], and
all-digital phase-locked loop (ADPLL) [8]-[11] applications.
TAs are used for built-in jitter measurement [12], amplify-
ing the time interval of the jitter and enhancing the reso-
lution. TAs also amplify the measured input interval of the
TDC [13], [14]. Several types of TAs have been developed.
One is based on differential difference amplifiers in a unity
gain buffer configuration [15], which improves input range
and gain. 4X TAs [16], [17] use delay cells for different fea-
tures whose gain is controlled by closed loops. A pulse train
time amplifier [18], [19] uses repetitive pulses with a gated
delay line to support a programmable gain with quantization.
An all-digital time amplifier with interpolation [20] is created
using a quantization scheme with an adjustable loading cap,
which achieves low gain variation. A CMOS TA [21] achieves
dynamic gain, and controls the tail current to yield an output
pulse range that spans from a few hundred femtoseconds
to a few hundred picoseconds. The architecture of an SR
latch-based TA consists of two SR latches [11], input delay
Torr, and an output capacitor. The extending time of the
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metastable state is used to amplify the time interval. However,
that gain is influenced by input skew and loading mismatch
where the input skew causes gain imbalance and the loading
mismatch induces gain inaccuracy—calibration is important
to maintain matching and to minimize gain error. Several
calibration methods have been reported to maintain constant
gain and reduce gain non-linearity. A lookup table [22] can
be established to reduce gain non-linearity in calibrations.
To deal with PVT variation, the loading capacitance [23]
is changed simultaneously and increased if a higher gain is
required.

As illustrated in Fig. 1, the proposed architecture includes
a tunable matching cell, a pulse-width arbiter, a tunable
capacitor, a calibration controller, a skew calibrator, a load
calibrator, a SR-latch based TA, and a TDC. The variable-gain
TA is the core of the entire architecture, and the calibrator is
used to measure and calibrate the result of time amplification
in the calibration process. In the calibration process, both
the calibration controller and the skew calibrator are used
to calibrate input skew. The pulses are generated by the
calibration controller. After these pulses are amplified by the
TA, the amplified pulses which indicate the amplification
rate are compared using the skew calibrator. Subsequently,
the tunable matching cell in the TA compensates for the skew
of the input delay. The pulse-width arbiter selects an appro-
priate gain for each input interval. The loading calibrator and
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FIGURE 1. Block diagram of proposed architecture.

tunable capacitor are used to adjust the TA gain for the PVT
variation. If the gain is less than the target, the load calibrator
changes the control code (Cccy10) to reduce the capacitance
Cy for a higher gain. In contrast, the capacitance C; is reduced
for a lower gain by changing the control code (Cccyri1). The
calibration procedure includes skew and gain calibration. The
load capacitance calibrator adjusts the capacitance to achieve
the proposed target for PVT variation. The calibration design
does not require high-resolution TDCs: a simple TDC [31] is
used in our circuit.

This paper is organized as follows. In Section II we
analyze the input delay skew and capacitance mismatch in
previous TAs. We explain in Sections III and IV the pro-
posed self-calibration scheme and its implementation, and in
Section V we discuss the simulation results. We conclude in
Section VI.

Il. TA MISMATCHES

A. IDEAL CHARACTERISTIC

Figures 2(a) and (b) show an SR latch-based TA scheme [11]
along with the timing diagram for Ty vs. Tout, which is
obtained by

Tiy = TAln2 — TApN (D
Tour = TAour2 — TAourt. (2)

The SR latch-based TA contains two pairs of SR latches,
each of which is connected to a Topr delay chain. The length
of the delay chain determines the input range of the pulse.
The longer Topr has a wider input range but a smaller gain
as a tradeoff. The output of the NAND gate in an SR latch is
connected with an additional capacitor that is related to the
TA gain; a larger capacitance gives a larger gain.

When the SR latch starts up [24], [25], TAn and TAy; are
in the O state; S1 (and S2) and R1 (and R2) are in the 1 state;
passing by the XOR gates, the OUTs (TAout: and TAouTz)
are in the O state. The input pulse TN is generated when
TAn1 and TANz sequentially transition from O to 1 to make
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FIGURE 2. SR latch-based TA: (a) schematic and (b) timing characteristic
of TIN VS. TOUT'

up the interval of time. During the development, the output
of the NAND gate transitions and the SR latch goes into
the metastable state. Consequently, the output pulse Tourt
is obtained when TAoyut1 and TApuTt both transition from
0 to 1 in the interval of time. If the input pulse Ty is in the
range 0-ToFf, the transition of TAiN; is quicker than that of
TAN2, but TAN; arriving in the component SR is slower
than TAn2 owing to the timing delay of Torr. The longer the
interval Ty, the longer the time spent in the metastable state
as well as the longer Tour. If Tin > ToFr, the longer Ty
increases the interval between TAN; and TAN» arriving at
SR, whereas the metastable time and Tgoyt are shorter. The
timing diagram of Tin vs. Toyr is given in Fig. 2(b).

—Torr < Tiy < ToFF 3)

The input range of Ty is between —Topr and Togg. The
TA equation is derived as follows [26], [27]:

Tour =(C/gm) - llog (Torr+Tin)—log (Torr —Tin)] (4)

where C is the capacitance of loading at the output side of the
NAND gate and g, is the transconductance of a NAND gate
in the metastable state. The larger capacitance C and shorter
Torr result in larger gain. Although we require a larger gain,
inserting too many capacitors causes an increase in the area.
Similarly, a larger range for the input interval is preferable,
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FIGURE 3. Ty vs. Toyr curve: (a) input delay matching on both sides of
SR latch and (b) impact of capacitance mismatch of SR latch.

but increasing the delay chain of Topp to achieve this results
in a smaller gain.

B. GAIN IMBALANCE

Fig. 3(a) describes the timing diagram of Ty vs. Toyt when
considering input delay matching. The timing #; is the time
delay of the routing path for the input signal TAN;; the
timing ¢ is the time delay of the routing path for the input
signal TArn2. The timing 7,1 is the compensated time by the
tunable matching cell of input path TApyy; the timing 7,5 is
the compensated time by the tunable matching cell of input
path TAno. During PR implementation, if #;1 and #;, are
not well-matched, the gains in the input range Ty > 0 and
Tin < O are inconsistent. This is a general problem with rout-
ing between system-on-a-chip (SoC) IPs. Unmatched routing
paths influence the consistency of the TA’s gain. Matching
cells compensate for and reduce the effect caused by routing
skew. After calibration, we achieve a consistent gain in the
entire input range, that is, the linearity error of the TinN—Tout
curve is quite small. If the routing matching is not as good as
expected, the routing skew before calibration is as follows:

trl +tul Fto 10 (5)

The input routing skew is discussed below:

1. If the total delay of the input path on the TAn; side is less
than that on the TAn2 side, as described by (6), the Tin—
Tour curve shifts left; that is, the gain in the input range
TNy > 0is greater than the gain in the input range Ty < 0.

el + it <t 12 (6)

2. If the input delay on the TAn side is greater than the
input delay on the TAn, side, as described by (7), the
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Tin—Tour curve shifts right; that is, the gain in the input
range Tiny > O is less than the gain in the input range
TIN < 0.

ey + it >t 12 @)

3. If the input delay on the TAjn; side is equal to the delay on
the TAn side, as described by (8), the Tin—Tout curve
passes through the origin; that is, Toyt is 0 if Tiy = 0.
The gain in the input range Ty > 0 is equal to the gain in
the input range Ty < 0.

i+t =t + 40 8)

C. GAIN INACCURACY

The capacitance of loading at the output side of the SR latch
(Cop and Cy) influences the TA gain. The larger value of
capacitance increases the gain owing to a longer metastable
time [22]. The relation of Cy and C also decides the gain and
input range, as shown in Fig. 3(b).

If Cy = Cy, the gain and input range are as discussed in the
previous subsection; the gain is G, and the input ranges from
—Torr to Torr.

1. If Cp < Cj, the gain is G, and the input ranges from
—Torr1 0 Torr1. G1 > G, and Topr1 < ToFF.

2. If Cp > Cj, the gain is G, and the input ranges from
—Torr2 to Torra. G2 < G, and Toprz > Torr-

When Cy < Cj, the load capacitance at Ry is larger than
that at S7. In the valid inputrange 0 < Tjy < Torr, the signal
TAn> that arrives at Rj is faster than the signal TA;y; that
arrives at S1. The closer timing between the transition from R
to S results in a longer metastable time and a larger TApyr2
latency. At the other side, the signal TAzy that arrives at
Ry is much faster than the signal TAjy, that arrives at Sy,
and the timing of TApyr; is only slightly influenced by
the load capacitance. Consequently, the output interval Toyr
(TAoyt2 — TApyr) increases. The timing diagram of the
metastable state is shown in Fig. 4. When Cy > Cp, the load
capacitance of R is less than that of S;. The transition of R
is faster due to lighter loading and results in shorter TApyr2
latency. Consequently, the output interval Toyr decreases.

Fig. 5(a) shows the schematic of half of the TA. Fig. 5(b)
shows the timing diagram of the input interval 77y and the
SR latch transition at R; and S;. A larger value of Tpy
corresponds to a closer timing between R; and S transition.
The longer metastable time due to closer transition results in
greater TApyr> latency and a larger Toyr. When Cy < Cy,
the retardation of the S transition is less than that of the
R transition. This phenomenon causes the closer timing of
the transition to be similar to the shorter Torr. As a result,
we have a larger gain and a smaller input range. Inversely,
we have a smaller gain and a larger input range when
Co > C1. The magnitude of the capacitance is proportional
to the gain. A larger capacitance results in a larger gain, but
also necessitates a larger chip area. We take advantage of this
characteristic to design a variable gain TA by reducing the
capacitance Cy of the capacitor at the output side of the SR
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FIGURE 4. SR latch metastable timing diagram: (a) Co < C; and
(b) Co > C;.

latch for a larger gain requirement. In the proposed method
we detect the input pulse and change the TA gain by adjusting
the capacitance Cp. For a small input interval Ty of less
than 25.2 ps, the circuit is allowed to automatically select
the larger TA gain. At the beginning, the default setting is
Cop = Cj. The pulse-width arbiter detects the input pulse.
If the input pulse is less than the specified range, some Cy
capacitors are switched off for a higher gain. The two-stage
gain TA has gains 2 and 16. The gain is controlled by the
load capacitance at the output side of the SR latch. The TA
input with gain 16 ranges from —25.2 to 25.2 ps. The TA
input with gain 2 ranges from —720 to 720 ps. The TA gain
and input range is shown in Fig. 6. The default setting of
the output capacitance of both Cp and Cj is 790 fF. The
TA with gain 16 changes the capacitance Cp from 790 fF
to 364.2 fF. In the default setting, the TA with gain 2 has
the same load capacitance at both output sides of the SR
latch. We propose detecting the interval of the input pulse
and determining the TA gain automatically by switching off
capacitors. We apply the variable-gain TA to the cyclic-ring
Vernier having a resolution of 6.01 ps. If the input interval
is —25.2-25.2 ps, the TA gain is 16 and TDC resolution is
0.38 ps. Otherwise, the TA gain is 2 and TDC resolution is
3.01 ps. The calibration of the load capacitance guarantees
the consistency of the TA gain during PVT variation.

Iil. PROPOSED CIRCUITS
As shown in Fig. 7, the major modules of the proposed cir-
cuits are the calibrator, the compensator, the TA, and the TDC.
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The calibration controller generates the input pulse, the TDC
converts the amplified interval to a digital code, the skew
calibrator decides the method used to compensate for routing
skew in the path, and the loading calibrator calibrates the
TA gain.

A. VARIABLE-GAIN TA WITH COMPENSATORS

The proposed variable-gain TA with compensators includes
a tunable matching cell and a tunable capacitor. The tunable
matching cell provides the delay elements used to compensate
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FIGURE 7. Proposed circuits.

for routing skew, and the tunable capacitor provides the pre-
cise loading cell to adjust the TA gain. The variable-gain TA
has two gain selections derived from the pulse-width arbiter.
The TA module works in both normal and calibration modes:
in normal mode, the general operation is carried out, and in
calibration mode, the timing skew of the input path is com-
pensated for by skew calibration and the TA gain influenced
by PVT variation is adjusted by calibrating before normal
operation. Skew calibration yields a consistent TA gain in the
input range, and loading calibration yields a constant TA gain
that is not influenced by PVT variation.

1) TUNABLE MATCHING CELL

Fig. 8 shows a tunable matching cell, which is constructed
with OAI and NAND gates as load capacitance in order to
delay the input signal. Four types of components are con-
nected to the propagation line as delay cells: OAI211D2,
OAI211D1, OAI211DO0, and ND2D4. The OAI211DO0 cell
contributes the finest resolution of 0.12 ps. The time steps
of cells OAI211D1 and OAI211D2 are 0.37 ps and 1.2 ps,
respectively. Cell ND2D4 contributes the 3.6 ps time step.
Thus the design for a tunable matching cell has a resolution
of 0.12 ps, and the tunable range is 15.87 ps.
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2) TUNABLE CAPACITOR

The tunable capacitor is constructed as shown in Fig. 9. The
minimum unit of capacitance is 0.015861 fF, contributed by
the cell ND2DO0. One input pin of ND2DO is connected to
the loading line, and the other is the control pin. When the
control pin switches from O to 1, the difference in capacitance
at the loading line is 0.015861 fF. The carry bit is contributed
by the cell ND2D2. We change its capacitance by switching
the control pins of ND2D2, with an amount of change of
0.059153 fF. We use the same concept to construct a five-
level tunable capacitor. In this scheme, its small capacitance
change is used to achieve precise TA gain.

B. SKEW CALIBRATOR

This circuit compares the TDC results for the input pulses
Tin > 0 and Ty < 0. In the schematic shown in Fig. 10(a),
one comparator, two registers, and two counters are present.
The registers store the TDC codes from pulses Ty > 0
(register_1) and Ty < O (register_0). When the TDC codes
of pulse Ty > 0 are higher than that of pulse Ty < 0,
the timing delay in the IN, path is greater than that in the
IN; path. We compensate for the timing skew by adding
the timing delay in the IN; path; signal A1 < A2 triggers
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the counter to add the code of Cpyi1. Likewise, signal Al
> A2 triggers the counter to add the code of Cpculp. The
timing diagram is shown in Fig. 10(b). The first trigger of
the tdc_rdy signal latches Doyr (Tin > 0) from TDC to
reg_0. The second tdc_rdy trigger transfers Doyr (Tin > 0)
from reg_0 to reg_I and latches Doyr (Tin < 0) from
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TDC to reg_0. The comp signal triggers the comparator to
compare the data stored in reg_0 and reg_1. If the data in both
registers are consistent, the skew_cal_done signal announces
that calibration is complete. In routing the skew calibration
mode, we use the low-gain TA for coarse calibration and
to compensate for skew with bits Cpcy1[7:6]. We use the
high-gain TA for fine calibration and to compensate for skew
with bits Cp¢y1[5:0].

C. LOADING CALIBRATOR

The schematic of the loading calibrator is shown in Fig. 11.
This circuit compares the TDC data from the amplified inter-
val and the expected code that maps to the expected amplified
pulse. One comparator, one register, and two counters are
present. The register saves the TDC code from the amplified
interval, and the comparator compares the TDC code and
the expected code. The counter bits are the control codes
that control the tunable capacitor. The control codes from the
down counter decrease capacitance Cy if the gain is smaller
than expected. Otherwise, the control codes from the down
counter decrease the capacitance C; to reduce the TA gain.
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The operation repeats until the expected gain is met. The
loading calibration adjusts the capacitances Cy and C; at the
output of the SR latch. There are two loops of calibration for
gains 2 and 16. The TA with the specified gain receives and
amplifies the pulse from the pulse generator, after which the
TDC converts the amplified interval to the codes. The loading
calibrator compares the codes with the expected value: if the
gain is greater than the expected value, capacitance Cj is
reduced, and if the gain is less than expected, capacitance Cg
is reduced.

D. PULSE-WIDTH ARBITER

The pulse-width arbiter is composed of two D flip-flops and
one OR gate. The device detects the width of the input interval
with two regions. If the input interval is more than 25.2 ps, the
gain_ctrl signal is set to 1 and the capacitance Cy is 790 fF for
the TA with gain 2. If the input interval is less than 25.2 ps,
gain_ctrl changes to 0 and capacitance Cy is 364.2 fF for the
TA with gain 16. In the proposed design, capacitances Co
and C; can change to switch the TA gain. When Ty > 0,
TAn1 is ahead of TA;no. If TAyy is still ahead of TA;y; in
the timing after propagating through two buffers, the input
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interval is greater than 25.2 ps. The TAjy, signal triggers the
D flip-flop to latch the TA;y1_D signal, and the result of the
latch is the Dj signal. If the input interval is greater than
25.2 ps, Dy is 1. Otherwise, D1 is 0. In the other D flip-flop,
TA v is always ahead of TA;y2_D, and the latch result stays
at 0. If Ty < 0, TAjy»2 is ahead of TAjy ;. Signal D, is the
latch result and D stays at 0; the gain_ctrl detection signal
is due to the latch result of D;. The control signal gain_ctrl is
the combinational result of D1 and D, through the OR gate.
Capacitance Cyp is variable and is controlled by gain_ctrl,
which when switching the capacitors is much faster than the
TAjn1 signal arriving at Sy; it is also faster than TAyy, arriving
at Sy through theTopr delay to guarantee that the capacitor
switch is ready before the TA develops. The detection timing
diagrams for Ty < 25.2 ps and Ty > 25.2 ps are shown in
Figures 12(a) and 12(b).

E. CONTROLLER
Figures 13 and 14 show flowchart and the time diagram of
controller. The cal_en signal triggers the calibration mode.
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tde_rdy ; —
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skew cal done [+] 8"
load_comp_rdy . ..
load_cal_done. [ -~ [
pulse_ctr] 12 e el <0 el
input_sel calibration is
completed .
FIGURE 14. Timing diagram for controller.
At the same time, the input_sel signal is set to “high”. This TABLE 1. 2-to-3 decoder function.
means that the IN; and IN; signals are provided by the
o . . INPUT OUTPUT
p.ulse. gener.ator.. Calibration of §kew mismatch is pr9cess§d o oy pr=ry = pr=s
first in calibration mode. At first, the pluse_ctrl signal is Cparl 5 Courl 4 ctrl2, ctrl2; ctrl2g
set to “low”, meaning that the IN| signal is ahead of IN,. Cra 3 Cou 2 ctrlly otrll, ctrllo
. ! . Choetrl 1 Cpetr 0 ctrl0z ctrl0; ctrl0o
When the first operation of TDC (Try > 0) is complete, 0 0 0 0 0
the TDC produces the tdc_rdy signal to trigger the counter 0 1 0 0
: 1737 ” : 1 0 0 1 1
and the pluse_ctrl signal changes to “high”. The negative 1 . 1 1 0

pulse (Tin < 0) is generated by switching the input path of
the multiplexer, which is controlled by the pluse_ctrl signal.
The comparator compares the TA gain of the input pulses
Tin > 0 and Ty < 0. If the TDC results are the same,
the skew_cal_done signal notices that the skew calibration
loop is complete. Otherwise, the second run is triggered
by the skew_comp_rdy signal and the procedure described
previously is repeated. During this phase, the skew calibration
loop is performed eight times. When skew calibration mode
is completed, the cal_mode signal is set to “low” and load
calibration mode is executed. The negative edge of cal_mode
triggers the first input interval at the turn of Ty > 0
and begins to perform eight load calibration loops. In load
calibration mode, the pulse_sel signal is fixed at “low”.
When the load calibration mode is also completed, the overall
calibration work has been finished, and the input_sel signal
is set to low.

Here the width of the input interval is 25.2 ps by the
propagation delay of the two buffers in the pulse generator
to ensure that the direction of the input pulse does not change
even in the maximum compensable skew 15.87 ps.

IV. PROPOSED CALIBRATION

Due to gain imbalance, we propose skew calibration.
We leverage the characteristics of variable gain to perform
two-stage calibration. Coarse calibration with the low-gain
TA is used to get the MSB and fine calibration with the
high-gain TA is used to get the LSB. Because of gain inac-
curacy, we use loading calibration for TA gain adjustment.
Loading calibration is performed when skew calibration is
completed. The tunable matching cell is implemented at the
input side of the SR latch for skew compensation, whereas
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the tunable capacitor is implemented at the output side of the
SR latch for loading calibration.

A. SKEW CALIBRATION

In skew calibration mode, the skew calibrator compares the
TDC results for the input pulses Ty > 0 and Ty < 0 with
the same width, and generates code Cpc1[7:0] to control the
tunable matching cell for skew compensation by comparing
results. We use a 2-to-3 decoder, the function of which is
shown in Table 1, to convert Code Cp¢y [7: 6] to Code
ctrl3 [2: 0] which is the control code for cell ND2D4 with
a time step of 3.6 ps. Cpeui[9:4], Cperi[3:2], and Cpeyi[1:0]
are converted to ctrl2[2:0], ctrl1[2:0], and ctrl0[2:0] for
OAI211D2 with a time step of 1.2 ps, OAI211D1 with a time
step of 0.37 ps, and OAI211DO0 with a time step of 0.12 ps,
respectively.

In skew calibration mode we use two-stage calibration,
composed of coarse calibration and fine calibration, to reduce
the calibration time. Coarse calibration compensates for the
considerable routing skew and fine calibration is for improved
resolution. When coarse calibration is completed and the
remaining routing skew is minimized, fine calibration is used
to improve the resolution with fine step compensation. Here
we set high gain to 16 and low gain to 2. Calibration with the
low- and high-gain TAs contributes 2 bits with a resolution
of 3.01 ps and 6 bits with a resolution of 0.38 ps, respectively.
In the first stage of skew calibration, we use the low-gain
TA for coarse calibration to compensate for skew with bits
Cpeur1[7:6]. After the first stage is complete, we use the
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FIGURE 15. Skew calibration flowchart.
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high-gain TA for fine calibration and to compensate for skew
with bits Cp¢y[5:0].

Fig. 15 shows the flow chart for skew calibration. It con-
sists of the following fourteen steps:

Step 1: Enable skew calibration; set loop = 0.

Step 2: Select low-gain TA for coarse calibration with
coarse codes Cpcgi1[7:6] and Cpeyi2[7:6]; remove
fine codes Cpegi1[5:0] and Cpeyi2[5:0].

Step 3: Generate pulse with Ty > 0.

Step 4: Amplify time interval with low-gain TA.

Step 5: Convert amplified interval to code.

Step 6: Generate pulse with Ty < 0.

Step 7: Repeat Steps 4-5.

Step 8: Save conversion result to code A2 for Ty > 0
and to code Al for Ty < O.

Step 9: Compare digital code Al and A2;if Al < A2,add
code Cpeip; if Al > A2, add code Cpcyia.

Step 10: Repeat Steps 2-8 until comparison result of
Al and A2 is changed. (If previous cycle is Al
> A2, changed resultis Al = A2 or Al < A2;in
contrast, if previous cycle is Al < A2, changed
resultis Al = A2 or Al > A2)

Step 11: Select high-gain TA for fine calibration with fine
codes Cpei1[5:0] and Cpeyrin[5:0]; remove coarse
codes Cpeir11[7:6] and Cpeyriz[7:6].

Step 12: Repeat Steps 3—-10.

Step 13: Loop = loop + 1, repeat Steps 2—12 until loop =
8.

Step 14: Average codes Cpcyi1[7:0] and Cpei2[7:0].

These fourteen steps are repeated until the skew has been
compensated for.

A detailed description of the flow is as follows. The cali-
bration controller produces the first input interval at the turn
of Ty > 0. This input interval is amplified by the TA and
its value is then converted to a digital code by the TDC
and saved as registerQ, after which it sends out the tdc_rdy
signal as the trigger signal at the turn of Ty < 0. The
input interval with the same width but Ty < 0 is amplified
by the TA. Its value is then converted to a digital code by
the TDC and saved as registerQ. The value in the former
registerQ is then shifted to register1. When the skew calibrator
has completed these actions, the comparator compares the
two TDC results. After comparison, if code Al at the turn
of Ty > 0 and code A2 at the turn of Ty < O are consistent,
the calibration is complete. If these codes are inconsistent, the
routing skew is compensated for by the tunable matching cell.
When Al > A2, the timing delay in IN; path is increased.
Otherwise, the timing delay in IN; path is increased. These
procedures are repeated until A1 = A2 or until the compari-
son result of Al and A2 is changed, and skew calibration is
complete.

Figure 16 is an example of a skew calibration loop. In the
example we set the skew to 8ps, meaning that the timing
delay of the IN, path is 8 ps more than the IN path. In the
first stage, we increase the value of Cpcyi1[7:6] according to
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the comparison result. When the value of Cpcy1[7:6] is 11,
the comparison result is changed compared to the previous
cycle. Then skew calibration enters the second stage, at which
point the timing delay of the IN; path is 2.8 ps more than
the IN, path. In the second stage, we increase the value
of Cpcu12[5:0] according to the comparison result. When
the value of Cpcyi2[5:0] is 10_0101, the comparison result
is changed compared to the previous cycle. Eventually the
timing delay of the IN path is 0.09 ps more than the IN path,
and the value is less than the smallest adjustable time step.
In the example, we end up with 1100_0000 and 0010_0101 as
the value of Cp¢yi1[7:0] and Cpegr12[7:0], respectively.

B. LOADING CALIBRATION

The loading calibration flow is repeated 8 times, after which
the average is taken for TA gain adjustment. The steps of
calibration are as following: Cccy10[9:0] is the control code of
capacitor Cp and Cc¢y11[9:0] is the control code of capacitor
C1. Shown in Fig. 17, the loading calibration flow comprises
the following eight steps:

Step 1: Set initial Cce10[9:0] and Ceea1[9:01.

Step 2: Generate pulse TiN.

Step 3: Amplify pulse Tin using TA.

Step 4: Convert amplified interval to digital code A3.

Step 5: Compare digital code A3 to expected code B; if
A3 > expected code B, decrease Ccey11[9:0]; if
A3 < expected code B, decrease Cccyr10[9:0].

Step 6: Repeat Steps 1-5 until B = expected code.

Step 7: Loop = loop + 1, repeat Steps 1-6 until loop =
8.

Step 8: Compute average of codes Ccey10[9:0] and
Cce1[9:0].

The load calibrator repeats these eight steps until the expected
gain is achieved. The proposed low gain is 2x and high gain
is 16x; for the former, capacitances Cqo and C; are both set to
790 {F; for the latter, Cy and C; are set to 790 fF and 364.2 fF,
respectively. We turn off Cy to increase the TA gain and C;
to decrease the TA gain.

V. SIMULATION AND DISCUSSION

A. SIMULATIONS

1) INPUT SKEW

Fig. 18 is the result of input path skew simulations. There are
three input path skew possibilities. The routing path match is
the ideal case: that is, there is no timing skew between IN;
and IN>. A skew of 20 ps means that the routing delay of IN»
is greater than the routing delay of INj, and the delay time is
20 ps. In contrast, a skew of —20 ps means that the routing
delay of IN; is less than the routing delay of IN{, and the
delay is 20 ps.

a: ROUTING OF INy AND IN, MATCHED

When the routing of IN; and INj; is matched, the TiN—TouT
curve passes through the origin; that is, when Ty is O,
Tourt is 0. This is the ideal case achieved by calibration;
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FIGURE 17. Loading calibration flowchart.

we suppose that the routing of IN; and IN, match after
calibration, so the TA gain is consistent in the input range.
In Fig. 18, the “matched” curve is the simulation result of
matched routing.
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FIGURE 18. Skew simulation result.
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FIGURE 19. TA gain vs. load capacitance simulation result.

b: TIMING DELAY OF IN7; GREATER THAN IN,

Here, as the timing delay of IN is greater than IN,, the result-
ing Ty is smaller, and the TyN—ToyT curve shifts to the right.
When signals IN; and IN, are transmitted at the same time,
that is, Ty = 0, the delay of IN; is longer, and the signal
IN; reaches the SR latch later than the signal IN; Toyr is
less than 0. In Fig. 18, the “‘skew -20” curve is an example
of this.

c: TIMING DELAY OF IN, GREATER THAN IN,

Here, as the timing delay of INj is greater than INy, the result-
ing Ty is larger, and the Tin—Tout curve shifts to the left.
When signals INj and IN; are transmitted at the same time,
that is, Ty = 0, the delay of IN; is longer, and the signal
IN; reaches the SR latch later than the signal IN;. Therefore,
Tour is greater than 0. In Fig. 18, the “‘skew 20 curve is an
example of this.

2) CAPACITANCE OF Cy VS. C;4

Fig. 19 is the simulation result of various capacitances at
the two ends of the SR latch. The three curves represent the
relative values of capacitors Co and C;. By default, Cy and
C; are both set to 790 {F; if Cy is less than Cy, Cy changes its
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FIGURE 20. TA gain 2: (a) T;y vs. Toyr and (b) gain distribution.

capacitance to 364.2 fF; if Cy is more than C1, C; changes its
capacitance to 364.2 fF.

a: Co EQUAL TO G,

If the capacitances at the two output sides of the SR latches are
the same, the propagation time is proportional to the amount
of capacitance; that is, the TA gain is proportional to the

load capacitance. By default, capacitances Cy and C; are both
790 fF, and the TA gain is 2.

b: Cy GREATER THAN C,

If Cy is greater than Cy, the TA gain is less than if Cy were
equal to C1. In this design, C; is reduced, whereas Cy remains
unchanged. Capacitance Cy is 790 fF, C; is 364.2 {F, and the
TA gain is 1.054.

c: Co LESS THAN G,

If Cy is less than Cy, the TA gain is larger than if Cy were
equal to C. In this design, Cy is reduced, whereas remains
unchanged. Capacitance Cy is 364.2 fF, C; is 790 fF, and the
TA gain is 16.

3) TWO-STAGE GAIN TA

The proposed design has two selections of TA gain. The
default value of the TA’s gain is 2; the other choice is 16.
The pulse-width arbiter detects the pulse width and selects
the TA gain. If the pulse width is less than 25.2 ps (two buffer
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(b)
FIGURE 21. TA gain 16: (a) T;y Vs. Tyt and (b) gain distribution.

propagation time), the TA gain is 16; otherwise, it is 2. The
Tin—Tour curve in the TA gain of 2 is shown in Fig. 20(a).
The maximum gain error is 0.014 in the input range from
—720 to 720 ps, as shown in Fig. 20(b). The Tin—Tour curve
in the TA gain 16 is shown in Fig. 21(a). The maximum gain
error is 0.873 in the input range from —25.2 to 25.2 ps. We use
the characteristic of the two-stage gain TA for calibration: the
low gain TA is for MSB and the high gain TA is for LSB. This
two-stage calibration boasts both a wide input range and high
resolution.

According to the simulation results, the mean is 2 and
standard deviation (STD) is 0.4% when TA’s gain is 2x. For
the 16x amplifier case, the mean and STD are 16.14 and
2.1%, respectively. The results indicated that the proposed
calibration method makes TA work properly.

B. PERFORMANCE SUMMARY

1) PERFORMANCE

We use a two-stage gain TA to amplify the pulse for skew cali-
bration as shown in Fig. 22. The low-gain TA is for coarse cal-
ibration to manage considerable skew, whereas the high-gain
TA 1is for fine calibration. Skew calibration reduces the gain
error caused by the timing skew due to routing. If the routing
skew is 20 ps (the timing delay of IN| is greater than IN; and
the skew is 20 ps), the gain distribution is shown in Fig. 23(a),
and the maximum gain error without calibration is 3.986; if
the routing skew is —20 ps (the timing delay of INj is less

42093



IEEE Access

K.-C. Chao et al.: All-Digital Mismatched Calibrator and Compensator for SR Latch-Based Variable-Gain TA

TABLE 2. Features and Performance.

Process technology 65-nm CMOS
TA scheme SR-latch based TA
TA gate count 4375
TA gain=2 TA gain=16
Power 2.8mA@10MHz | 3.2mA@10MHz
Input range 1720 ps +252ps
Gain cal. bits 10 10
Skew cal. bits 2 6
Gain W/o calibration 3.996 64.51
error W/ calibration 0.014 0.873
Time W/o calibration 19.94 ps 4.3 ps
skew W/ calibration 0.95 ps 1.37 ps

1% calibration 2% calibration

input range 720 ps input range 25.2 ps
resolution 3.01 ps resolution 0.38 ps
TA gain is 2 TA gain is 16

TA gain error 0.008

The measurement error
contribute by resolution is
3.01 ps.

The measurement error

contributed by gain error
is 0.95 ps

3.96 ps

TA gain error  0.873

The measurement error
contribute by resolution is
0.38 ps.

The measurement error

contributed by gain error
is 1.37 ps

1.75 ps

FIGURE 22. Skew calibration with two-stage gain TA.

than IN» and the skew is 20 ps), the gain distribution is shown
in Fig. 23(b), and the maximum gain error without calibration
is 3.996. The two-stage gain TA selects the gain according
to the width of the input pulse. The gain calibration adjusts
the load capacitance to achieve the expected gain. If the gain
is less than the target, capacitance Cy is reduced to obtain a
higher gain. Otherwise, C; is reduced to obtain a lower gain.
The resolution of the tunable capacitor is 0.015861 fF, and
that of the tunable gain is 0.019 (0.119%) at a TA gain of 16.

Table 2 summarizes the features and performance of the
proposed design. The skew calibration with a two-stage TA
has 8 bits: the first stage contributes 2 bits and the second
stage contributes 6 bits. The resolutions are 3.01 ps and
0.38 ps and time skews caused by gain error are 0.95 ps and
1.37 ps for the TA with gain 2 and with gain 16, respectively.
The maximum gain errors are 0.014 and 0.873 for the TA with
gain 2 and with gain 16, respectively. The input ranges from
—720 to 720 ps for the TA with gain 2 and from —25.2 to
25.2 ps for the TA with gain 16. The pulse-width arbiter
checks the width of the input interval to determine the TA
gain. There are 10 bits for TA gain calibration. The resolu-
tions of the tunable gain step are 0.0017% and 0.119% at a TA
gain of 2 and 16, respectively. This study was designed using
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FIGURE 23. Gain error of TA gain 2: (a) 20 ps skew; and (b) —20 ps skew.

a TSMC 65-nm CMOS process with a 1 V power supply,
and a power consumption of 2.8 mA (TA gain 2) and 3.2 mA
(TA gain 16) at 10 MHz sampling. The total gate count was
4375, and the capacitors occupied an area of 3140 gate counts.
Table 3 compares the key performance of the proposed
TA with previous work, compared with which the proposed
methods achieve a precise gain for wide-input-range TA.

2) CALIBRATION TIME

In routing the skew calibration mode, we use the low-gain
TA for coarse calibration and to compensate for skew with
bits Cpcir1[7:6]. We use the high-gain TA for fine calibration
and to compensate for skew with bits Cp¢y1[5:0]. Therefore,
a skew compensation loop is performed for 22 — 1 = 3
cycles for coarse calibration and 26 — 1 = 63 cycles for fine
calibration to achieve the maximum compensated time, and
there are 8 loops in skew calibration. Every cycle, input pulses
Tin > 0 and Tin < 0 are amplified by TA and the amplified
pulses are converted into code Al and code A2 by TDC.
Similarly, a maximum load compensation loop is performed
210 _ 1 = 1023 cycles with input pulses Tyy > 0 for TA
gains 2x and 16x, and there are 8 loops in load calibration.
In addition, as most of the runtime of TDC overlaps with
the runtime of TA, we need only consider the TA runtime
and the data comparison time in each cycle. Therefore, if the
system clock rate is 250MHz and the input pulse is 25.2ps,
the maximum calibration time is 71.7 us. Since calibration
is performed only at power-on, restart, and sleep recovery,
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TABLE 3. Performance summary and comparison with previous TAs.

81’10 [137°12 [321°17 [331°19 Proposed method
Process 180nm 130nm 65nm 180nm 65nm
Gain 2x 2x 2x 2x,4%,8x%,16%,32x 2x | 16x
Calibration YES YES YES YES YES
PVT-tolerant - YES YES YES YES
Input range +100 ps 0-40 ps +150 ps 100 ps +720 ps +252ps
Gain error max error<8% | -0.5%~+0.5% [ -0.5% ~+1.0% - -0.7%~+0.6% -5.3%~+5.4%
Standard deviation - - - STD=5%@16x STD=0.4%@2x | STD=2.1%@]16.14x

the system can tolerate such latency. The calibration time
could be reduced by increasing the clock rate, which however
would increase the chip cost and current.

VI. CONCLUSION

In the proposed design, the TA is based on the SR latch. The
skew calibration reduces the skew of the two input paths.
After calibration, the TA gain is consistent in the input
range. In skew calibration, two-stage gain TAs are adopted
to achieve a wide input range and precise resolution. The
first stage has a smaller gain in comparison to the second
stage; thus, when using the second-stage gain, the input
interval must be sufficiently small. The pulse-width arbiter
determines whether the input interval is within the input range
of the second stage; if it is within this range, the capacitor
is adjusted and the gain changes to the larger gain. The
first-stage gain is 2 for the input range from —720 to 720 ps.
The second-stage gain is 16 for the input range from —25.2 to
25.2 ps. The gains are also adjusted by calibration against
PVT deviation. The proposed TDC achieves a 0.38 ps res-
olution. The accuracy influenced by measurement error and
resolution is 1.75 ps. Hence, this work carries out calibration
not only on the skew of the input path and TA gain but also on
two gain selections along with the input interval to enhance
TDC performance.
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