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Abstract—This article explores the effect of device parameter
variations on the performance of subthreshold source-coupled
logic (STSCL) circuits. A test chip has been fabricated in a stan-
dard CMOS 90 nm technology to study the matching properties
of STSCL circuits. Both process variations and device mismatch
have been included in this study. The performed analysis shows
that while the STSCL topology is very robust against global vari-
ations mainly thanks to the adoption of an on-chip bias generator
circuit, special design techniques are required to compensate for
the effect of device mismatch. Proper device sizing as well as
creating intentional mismatch in the biasing condition of STSCL
gates are two effective approaches that have been investigated
to overcome the variation related issues. Both die-to-die (D2D)
and within-die (WID) variations in the delay of STSCL gates
have been characterized and validated through measurements.
A comprehensive analysis of timing jitter in STSCL-based ring
oscillators is also presented.
Index Terms—Jitter, mismatch, ring oscillator, source-coupled

logic (SCL), subthreshold SCL (STSCL), ultra-low power (ULP)
circuits, variability.

I. INTRODUCTION

P ROCESS variations and leakage are two major limits to
reduce the energy consumption in a given technology

node [1]–[5]. Many different techniques have been studied
and proposed in order to reduce or control these two effects.
Device up-sizing and increasing the supply voltage are two
well-known approaches for reducing the effect of variability
[6]–[8]. Meanwhile, using multi-threshold voltage MOS de-
vices, body biasing, and many other techniques have been
proposed to control the leakage power dissipation [9]–[11].
Recently, the subthreshold source-coupled logic (STSCL)

topology has been introduced as an alternative circuit approach
for implementing ULP digital systems [see Fig. 1(a)] [7], [12],
[13]. In this type of logic circuits, the input differential pair
is biased in subthreshold regime. Having a good control of
the current consumption of each logic cell enables reducing
the power dissipation of each gate down to few picowatts,
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Fig. 1. (a) A subthreshold SCL gate and its replica bias circuit used to control
the output voltage swing [7]. Design space of: (b) static CMOS, and (c) STSCL
styles.

i.e., significantly below the leakage current level in static
CMOS circuits in modern UDSM technologies [7]. Fig. 1(b)
and (c) illustrate the design space of the STSCL topology in
comparison to the static CMOS logic. In CMOS logic, there
is a tight tradeoff among circuit parameters, performance pa-
rameters, and process parameters which can heavily constrain
the design optimization [14]. On the other hand, the design of
STSCL gates is more relaxed mainly thanks to the indepen-
dence of delay to supply voltage and to device parameters such
as threshold voltage and gate oxide thickness .
Thereby, it is possible to choose the optimal device and circuit
parameters targeting a minimum energy consumption level
without affecting the gate delay. This flexibility makes system
level design and power management easier to handle and more
effective, when aggressive requirements on the consumption
are targeted.
In this paper, the sensitivity of the STSCL topology to device

parameter variation and mismatch is analyzed and studied. As
further shown, this topology shows little dependence on global
process variations, supply voltage, and temperature (PVT)
variations. This property mainly originates from the use of an
on-chip bias current generator circuit, which compensates the
effect of global PVT variations. However, device parameter
mismatches can affect the performance of STSCL circuits.
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Therefore, a variation-aware device sizing is required to guar-
antee proper circuit operation and performance in large-scale
and mass produced implementations with adequate parametric
yield. This paper also proposes some techniques for reducing
the sensitivity of STSCL circuits to device mismatch.
This paper is organized as follows. Section II provides an

overview on STSCL circuits. The effect of random variations on
the STSCL topology is studied in Section III. Solutions to mit-
igate the impact of variations on STSCL circuits are discussed
in Section IV. Section V analyzes the behavior of STSCL cir-
cuits in the presence of global PVT variations. The test chip de-
scription is presented in Section VI. The experimental results to
validate the theoretical findings and provide full characteriza-
tion of variations are presented in Section VII, and Section VIII
concludes the paper.

II. STSCL CIRCUITS
The schematic of an STSCL inverter is shown in Fig. 1(a).

The operation of STSCL circuits is similar to the conventional
SCL (or current-mode logic, CML) circuits [15]–[17]. In this
topology, the logic operation takes place in current domain
based on the polarity of the input signal, . Then the output
current is converted back to voltage domain by the
load resistances. Very high-value load devices are required
since current levels are extremely low (as low as a few picoam-
peres) in STSCL topology. As depicted in Fig. 1(a), these load
resistors can be implemented using drain to bulk shorted PMOS
devices [7]. A simplified circuit diagram of the replica bias
(RB) circuit used to control the output voltage swing is also
shown [7]. The replica bias circuit generates the bias voltage
for the NMOS tail transistor and the PMOS load devices [12].
The transconductance of a differential pair circuit operating

in subthreshold regime can be estimated by [7], [18]:

(1)

where indicates the input differential voltage, is the
subthreshold slope of the NMOS devices, and stands for the
thermal voltage. Based on (1), for the entire tail
current will be switched to one of the output branches. There-
fore, a voltage swing of more than is needed to guar-
antee that the gain of the STSCL circuit is sufficiently large to
be used as a logic gate. The value of the load resistance can be
estimated by:

(2)

where is the subthreshold slope of PMOS devices [7]. Com-
bining (2) with (1) results in [7]:

(3)

These equations are essential in studying the effect of variations
in the STSCL topology, which is presented in the following Sec-
tions.
III. IMPACT OF RANDOM VARIATIONS ON STSCL CIRCUITS
Parameter variations can affect the circuit performance

parameters such as delay (speed) and power dissipation, as well
as the circuit robustness. Operating in subthreshold regime,
the effect of variability can be even more pronounced, due to

Fig. 2. DC transfer characteristics of an STSCL circuit. (a) Differential DC
gain versus desired and tail bias current. (b) Noise margin and output
voltage swing versus and tail bias current.

the exponential I/V characteristics of the MOS devices. In the
following, the effect of variability on robustness and delay of
STSCL circuits is studied.

A. Noise Margin of STSCL Circuits
Generally, the robustness of a logic gate against external or

internal perturbations is indicated by the noise margin
[19], [20]. is measured in quasi-static operating conditions
and represents the maximum perturbation amplitude in voltage
units that does not influence the logic state of the circuit.
In a subthreshold SCL circuit with ideal load resistors, it can

be shown that the is [12]:

(4)

where represents the DC voltage gain of the circuit and
is the single-ended voltage swing at the output. For typical

values of DC voltage gain of an STSCL circuit (in the range of
2.8 to 3.3), can be as high as approximately 40% of the
entire output voltage swing.
The output voltage swing, peak gain value, and noise margin

of an STSCL buffer versus and tail bias current are
shown in Fig. 2. As illustrated in these figures, gain and are
both improving by increasing . For voltage swing values
higher than 200 mV, the gain improvement tapers off. This phe-
nomenon can also be interpreted as a reduced sensitivity of the
voltage gain to the voltage swing. Otherwise stated, STSCL
gates with a voltage swing larger than 200 mV show a robust
DC characteristics. This property is further exploited to reduce
the circuit sensitivity to the device mismatch effects. Replacing

in (4) results in , which is in close
agreement with the graph plotted in Fig. 2(b).
Referring to Fig. 1(a), it is clear that the output voltage swing

should always be smaller than the gate-source voltage
of the NMOS differential pair devices. Otherwise, current
switching in the differential pair circuit will not be complete.
Based on Fig. 2, in high current density conditions, the de-

vices enter into medium and strong inversion regions. Hence,
the gain of the circuit degrades as well. For very low bias current
values, the tail bias current becomes comparable to the level of
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the leakage current sources in the circuit which results in perfor-
mance degradation. It is noticeable that for tail bias
current values of as low as 10 pA, meaning that the bias current
can be reduced to this level without jeopardizing the signal in-
tegrity.

B. Impact of Variations on Noise Margin
Noise margin degrades due to device mismatch and process

variations.1 Variation of the output voltage swing as well as
voltage offset at the input of STSCL circuits are the two main
causes of reduction in the presence of device mismatch.
In practice and in the presence of device mismatch, the noise
margin can be estimated by:

(5)

where is the without device mismatch, and
is the equivalent input-referred offset of the STSCL gate.

The noise margin is degraded by the variations in the load tran-
sistors and in Fig. 1(a), as well as the mismatch in the
source-coupled pair. Assuming moderate variations in the resis-
tance of and (and hence ), and considering that the
offset voltage of and directly subtracts from the avail-
able noise, the noise margin in the presence of variations can be
expressed as:

(6)

From (5), for uncorrelated random variations on the offset
voltage and voltage swing (i.e., between and ), the
degradation of can be expressed by:

(7)

On the other hand, the input-referred offset of the source-
coupled pair and in Fig. 1(a) is:

(8)

where represents the threshold voltage variation per unit
micrometer square area of the gate terminal, and are the
width and length of and , respectively.
The variation of that is affecting the noise margin based

on (7), can be caused by the tail bias current mismatch and the
mismatch between PMOS load devices of the STSCL circuits
and the replica bias circuit:

(9)

where , are the width and length of the tail bias transis-
tors, and , are the width and the length of the PMOS load
devices.
Monte Carlo simulation results of an STSCL gate are shown

in Fig. 3. This figure shows the variation of the maximum DC
gain, noise margin, output voltage swing, and the input-referred
offset of the STSCL circuit. There is a good agreement between
the Monte Carlo simulation results depicted in Fig. 3 and hand
calculations based on (8), both resulting in for the

1In this paper, device mismatch and process variations refer to the random
within-die and die-to-die variations, respectively.

Fig. 3. Mismatch effect on STSCL gate performance. Variation on gain, ,
voltage swing, and input-referred offset are shown. The value of highly
depends on the output voltage swing. Here, and

, for 200 runs of Monte Carlo simulations.

Fig. 4. Correlation between: (a) variation on and offset voltage, (b)
and output swing variation, based on Monte Carlo simulations.

input-referred offset. In addition, the scattering plots in Fig. 4
depict: (a) the correlation between the variation of noise margin
and offset voltage, and (b) the correlation between noise margin
and output swing variation.
Assuming that and , then:

(10)

C. Impact of Variations on Delay
Gate delay can vary from gate to gate due to the device mis-

match effects. Mismatch of the tail bias current and the load re-
sistances are the main sources of delay variation in the STSCL
topology. Assuming that the load resistance can be approxi-
mated by:

(11)

the variation of the STSCL gate delay can be expressed by:

(12)
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Fig. 5. Delay variation (within one standard deviation) due to the device mis-
match based on (16). It is assumed that , and the gate area
of the PMOS load and tail bias NMOS devices are both equal to .

where the variation of the load capacitance has been ignored
[18]. Rewriting the variation of the voltage swing as:

(13)

then, the variation of delay is:

(14)

where the variation on tail bias current is [21]:

(15)

Based on (13), anymismatch of the tail bias current affects the
voltage swing variation at the output. By reducing (increasing)
the tail bias current, the output voltage swing will also reduce
(increase) and based on the first term in (12), the gate delay
will decrease (increase) accordingly. However, at the same time,
the available current for discharging the output parasitic capac-
itance will be reduced (increased) which results in a delay in-
crease (reduction), based on the second term of (12). Therefore,
the variation of the tail bias current imposes two opposite effects
on delay which partially cancel out each other [see (14)].
To have a very approximate estimation of the delay varia-

tion due to the device mismatch in the STSCL topology, and
assuming that and the area of the PMOS
load device and tail bias device are equal

, yields:

(16)

The approximate variation of the gate delay for different gate
area values is shown in Fig. 5.

IV. TECHNIQUES TO MITIGATE THE IMPACT OF VARIATIONS
ON STSCL CIRCUITS

Approaches to reduce the sensitivity of the STSCL circuits
to device mismatch are discussed in this section. Equation (10)
expresses the tradeoff between area and robustness, and can also
be used for variation-aware transistor sizing of STSCL cells.
In particular, it is useful to observe that the area of an STSCL
circuit depends on , for a given robustness target. In detail,

from the perspective of technology scaling, it is expected that
the size of STSCL cells can be scaled down in proportion to the
improvement in value. As generally the improvement on

is slower than the shrinking of the gate length, the size
of STSCL gates cannot be scaled down as aggressively as the
minimum feature size does.
In addition, (10) and (16) show the importance of

well-matched bias current distribution between STSCL gates.
Indeed, in these equations, the matching of the PMOS load
devices and tail bias transistors are significantly more important
than the device parameter matching of the NMOS differential
pair. Also, according to (16), the delay variability for min-
imum-sized devices can be very high. Hence, non-minimum
sized transistors need to be considered in practical cases, to
keep robustness within reasonable bounds.
In the following, various approaches to mitigate the impact

of transistor mismatch are discussed.
The first knob that can be leveraged to mitigate the impact of

mismatch is . Indeed, as illustrated in Fig. 2, the variation of
the DC gain of STSCL circuits decreases for .
Therefore, based on (4), the circuit exhibits less variation of
noise margin.
Another approach to reduce the sensitivity of to varia-

tions is to create intentional mismatch between the replica bias
and the STSCL gates. If the bias current of each cell increases
by approximately 20% compared to the replica bias circuit, for
example, then the voltage swing in STSCL gates will increase
by the same percentage compared to the in the RB cir-
cuit. Therefore, the initial will be larger and more ro-
bust against process variation. Although this approach increases
the circuit power dissipation by about 20%, this effect can be
partially compensated by using smaller devices. The analysis
shows that using slightly higher current in STSCL gates com-
pared to the replica bias circuit considerably reduces the varia-
tion on the gain of the cells with respect to the process variations
(i.e., ), which in turn increases the resistance of
against process variations. This effect is evident from Fig. 2(a).
In this figure, values of the voltage swing larger than 200 mV
lead to a considerable reduction in the variation of the voltage
gain. Therefore, less variation on the noise margin is expected.
As shown in Fig. 2(a), the variation of versus is ap-
proximately four times smaller for , compared
to the case where .
A controlling circuit is necessary to keep the voltage swing at

the output of STSCL gates at a desired value. If decreases,
will degrade and if increases, the gate delay will pro-

portionally increase. Hence, should be selected close to
its optimum value. A replica bias circuit is employed as an ef-
ficient approach to suppress the impact of variations on STSCL
circuits.
The schematic of the replica bias circuit has been shown in

Fig. 1(a). The replica bias circuit needs to be sufficiently pre-
cise. Thus, the amplifier in Fig. 1(a) should provide enough
gain with a very low offset to guarantee the desired accuracy. A
folded-cascode amplifier has been used to provide a large output
voltage swing and to enable operation of the SCL gates in a very
wide range of bias current values. The STSCL gate used inside
the replica bias circuit should be well matched to the STSCL
gates being biased to have very low deviation from the desired
operating point. Any mismatch between the bias current of the
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devices in STSCL gates and the corresponding devices in RB
circuit will result in variation of the desired output voltage swing

.
Assuming that the load devices are biased in SI, then

(17)
When the entire bias current flows through a PMOS load, the

voltage drop across its source-drain is intended to be . Now,
if there is any mismatch between the replica bias circuit and the
SCL gate inside the circuit, the voltage swing at the output of
this SCL gate will change as

(18)

Regarding (18), to have an acceptable performance with re-
quired noise margin , should be kept as small as
possible. This requires large enough NMOS tail bias transistors
and PMOS load devices. Neglecting the mismatch due to and
adding amplifier offset, , the expression for can be
more simplified to

(19)

In general, a high enough value for should be selected in
order to compensate the effect of variation at the output voltage
swing and keep the on acceptable level.
Assuming , the sensitivity of this circuit to

the mismatch is:

(20)

in which . The amplifier offset should also be
included in this estimation.
Monte Carlo simulations show that for minimum size de-

vices, can be as high as 20 to 40 mV in a typical 0.18
process. To compensate the influence of device mismatch,
should be selected slightly larger than the minimum value.

Meanwhile, it can be shown that the voltage gain from gate to
drain of transistor in Fig. 1(a) is not very large:

(21)

Therefore, in spite of the exponential relationship between
and , the gain of this stage is low and the RB

circuit can be stabilized without difficulty.
One single replica bias circuit can be used for a large number

(several hundreds) of STSCL gates, so that its area and con-
sumption can be amortized over a large number of logic gates.
Sharing a RB circuit among 10 000 cells leads to a typical area
penalty of only 0.75%, compared to the case without RB circuit.

Accordingly, the RB circuit permits to considerably improve the
robustness against variations at rather small area penalty.
The level shifter constructed by and in Fig. 1(a),

keeps the drain voltage of sufficiently large to operate at
high enough (overdrive voltage) levels and avoid entering
into triode region, even at very low bias currents. The effect of
the RB circuit and its relative positioning on the die with respect
to the STSCL gates are studied in Section VII.

V. EFFECT OF GLOBAL VARIATIONS ON STSCL CIRCUITS
The power dissipation of an STSCL-based system with an

average logic depth of is:

(22)

where stands for the average load capacitance at the output
of STSCL gates and indicates the system operation fre-
quency [7], [13]. The delay of each STSCL gate can be approx-
imated by:

(23)

where is the tail bias current of each cell. Considering (22)
and (23), it can be concluded that the device parameters and
especially threshold voltage do not influence the speed-power
consumption tradeoff in SCL topology. The replica bias circuit
will compensate for the effect of temperature and process varia-
tions [7]. Therefore, this topology exhibits a very low sensitivity
to PVT or global variations.
The simulated gate delay versus load capacitance at different

temperatures is shown in Fig. 6(a). The test chip was fabricated
in 0.18 CMOS and included an STSCL based ring oscillator
with a variable load capacitance. A binary weighted switched
cap bank was used to set the value of the load capacitance and
the oscillation frequency versus was measured. Simulations
show that the variation of gate delay due to the temperature vari-
ations is less than 5%. The results based on (23) and simula-
tions agree very well with the measurements. The delay varia-
tion versus temperature over different process corners is shown
in Fig. 6(b). Here, the delay values are normalized to the typ-
ical gate delay at 27 . Both graphs depict the low sensitivity
of the STSCL topology to the global process and temperature
variations.

VI. TEST CHIP DESCRIPTION

A second test chip has been fabricated in a standard CMOS
90 nm technology to study and measure the matching properties
of STSCL circuits, by placing several ring oscillators with
different distances to a common replica bias circuit (Fig. 7). As
shown in [22], very well-matched delay elements are critical
components for implementing high-precision ring-oscillator
based quantizers. To achieve the desired dynamic range, the
delay mismatch among delay stages in a ring oscillator needs to
be sufficiently low. Based on (16), careful sizing of the load and
bias tail devices is required to achieve the desired precision. As
shown in Fig. 7, non-minimum load and tail transistors have
been used to achieve the required accuracy.
The implemented test chip illustrated in Fig. 8 includes eight

stand-alone ring oscillators to measure the on-die and die-to-die
delay variations of the STSCL gates.
In this design, the tail bias current of each delay element can

be tuned from 10 pA up to 10 nA using internal programmable
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Fig. 6. (a) Dependence of gate delay on load capacitance at different tempera-
tures, (b) delay variation vs. temperature over different corner cases.

Fig. 7. Differential STSCL-based ring oscillator.

current mirrors. The oscillation frequency increases almost lin-
early with the controlling current. The voltage swing has been
set to 200 mV, slightly larger than the theoretical limit .
Each ring oscillator approximately consumes 15 times the tail
bias current, since the number of delay cells is . The

Fig. 8. Mask layout (left) and chip microphotograph (right) of the test chip in
a CMOS 90 nm technology. This test chip includes two ring-oscillator based
quantizers and eight stand-alone test ring oscillators.

size of the transistors has been selected sufficiently large, to
guarantee less than 1% variation from the nominal oscillation
frequency of the ring oscillators.

VII. EXPERIMENTAL RESULTS AND CHARACTERIZATION OF
PERFORMANCE VARIATIONS

In this section, the measurement results for the test chip de-
scribed in the previous section are reported. In particular, varia-
tions of the delay and the analysis of jitter are presented, based
on the measurement of STSCL-based ring oscillators.
Device mismatch can be described by within-die and die-

to-die variations. Unlike die-to-die (D2D) variations which af-
fect all the transistors on a die almost equally, the within-die
(WID) random and systematic variations can result in different
effects on the transistors across a die [23], [24].
The placement of the ring oscillators on a sample die is shown

in Fig. 9. This figure also illustrates the relative oscillation fre-
quency of the ring oscillators based on the measurements on a
single die. A clear gradient of the oscillation frequency is ob-
served, which is mainly due to the gradient on the threshold
voltage of the current mirrors. Not exactly similar profiles are
observed in all nine measured dies, which indicates the random
change of systematic WID variations from die to die. However,
the shown profile is a fair representation of the oscillation fre-
quency distribution on the majority of tested dies. Considering
this effect, the position of the replica bias circuit seems to be
important for the distribution of frequencies. This also reflects
the importance of well-matched bias current distribution be-
tween STSCL gates. As shown in (10) and (16), the matching
of the PMOS load devices and tail bias transistors are signif-
icantly more important than the device parameter matching of
the NMOS differential pair. The maximum shift in measured os-
cillation frequency of the ring oscillators on a die is 1.4% with
respect to the average frequency, which is much less than sim-
ilar static CMOS inverter-based designs. This is a result of the
relaxed matching properties of STSCL gates.
The overall variation (WID and D2D) of the oscillation fre-

quency for more than 200 measurements at three different bias
current levels are shown in Fig. 10. Each oscillation frequency
has been normalized to the average oscillation frequency on
each die, and the results of nine dies are used to plot these
graphs. For different bias current levels, variations of the oscil-
lation frequencies on one die and from die to die were observed.
Higher frequency operation results in smaller deviation from
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Fig. 9. Gradient effect on the frequency mismatch between oscillators on a die
due to within-die variations. This figure also shows the relative placement of the
ring oscillators on the die. The heights of columns are proportional to the oscil-
lation frequency. The active area including the ring oscillators is

.

Fig. 10. Mismatch effect on oscillation frequency for 210 measurements on 9
dies with different bias current levels. Both D2D and WID variations are con-
sidered.

the mean value, while larger variations are observed at lower
frequencies. The difference is due to the lower current levels
resulting in inferior matching properties of the current mirrors
biased in deep subthreshold region.
The standard deviation versus average oscillation frequency

of different dies is shown in Fig. 11. D2D standard deviations
at three bias conditions are also demonstrated in this figure. The
sensitivity of frequency deviation to the current level is rela-
tively constant for both types of variations. As shown in this
figure, despite the relatively high D2D variations, theWID vari-
ation corresponding to the highest current level is below 1% for
all measured dies.
In this test chip, each oscillator is implemented using 15 delay

elements. Therefore, the variation of the oscillation period is
. Based on these measurements and for the 1 nA bias

level, . Therefore, the variation of the gate delay
is expected to be in the range of 3.8%.

A. Experimental Characterization of Jitter

The other undesired effect is the jitter on the edges of the
ring oscillator which changes its instantaneous oscillation fre-
quency. Assuming period jitter as the standard deviation of

Fig. 11. Standard deviation of oscillation frequency for within-die and die-to
die measurements at three different current levels and three different oscillation
frequencies.

the oscillation period around its mean value and using an anal-
ysis similar to [25], results in:

(24)

in which is the oscillation frequency, is the tail bias cur-
rent, is the differential voltage swing at the output of each
delay cell and is the thermal voltage. The equation above ac-
counts for the portion of jitter originating from the white noise
of the differential pair [ and in Fig. 1(a)], the tail tran-
sistor and the load transistors. Similar to [25], jitter is cal-
culated by dividing the total noise voltage by the slope of the
differential switching voltage at zero crossing. As opposed to
the differential ring oscillator in [25], in the STSCL-based ring
oscillator, the differential and tail transistors are biased in sub-
threshold regime. Therefore, the PSD of the thermal noise at the
drain of the transistors is described by [26]:

(25)

where is defined as:

(26)

is the subthreshold slope factor of NMOS devices and
transconductance in weak inversion is:

(27)

For a CMOS inverter-based and a CMOS differential ring os-
cillator with differential pair operating in strong inversion, the
predicted jitter due to white noise are [25]:

(28)

and

(29)
respectively. and stand for the effective gate
voltage on the differential pair and tail transistor, and , are
the thermal noise coefficient of NMOS and PMOS transistors,
respectively.
Considering the above equations, while both (28) and (29) are

defined by technology-dependant parameters ( and ), (24)
only depends on . It is also expected that the variability of
the measured jitter in STSCL-based ring oscillators will be less
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Fig. 12. Measured period jitter versus oscillation frequency for three sample
chips. This is compared with prediction based on (24) and simulated jitter, with
and without considering auxiliary circuits.

than similar inverter-based and CMOS differential ring oscilla-
tors, due to the insensitivity of jitter to the threshold voltage.
Improving the matching of the load transistors will reduce the
variations of and improve the jitter variability. In addition,
in the STSCL topology, the replica bias circuit compensates the
effect of temperature and process variations. By comparing the
derived equations of jitter, the sensitivity ofmaximum jitter [i.e.,
the jitter at minimum based on (24)] to temperature is ob-
served smaller compared to the jitter calculated from (28) and
(29), by replacing and in (24).
The measured period jitter versus oscillation frequency for

three sample chips is shown in Fig. 12. The jitter is also simu-
lated2 in two different conditions, i.e., including and excluding
the noise from replica bias, current mirror and current scalers
(the tail transistor is included in both cases). The predicted value
based on (24) is also plotted against measurement and simula-
tion results. Comparing the two simulation plots, one observa-
tion is that flicker noise also affects the jitter of the ring oscil-
lator. This noise mainly originates from the tail and the diode-
connected current mirror transistors as well as the input-referred
flicker noise of the amplifier in the replica bias circuit. It is
worthwhile mentioning that, as shown in [25], the white noise in
auxiliary circuits and flicker noise in the differential pair do not
contribute to the overall jitter and phase noise. Another reason
for the difference between measured and simulated/predicted
results is the effect of external noise sources such as substrate
and supply noise and the noise on the frequency control cur-
rent which are not taken into account in simulations and anal-
ysis. While at low frequencies, the flicker noise of the tail tran-
sistor can cause the simulated jitter to slightly exceed the pre-
dicted value only based on white noise, the opposite deviation
at higher frequencies is observed. This can be due to the fact
that the above analysis is based on the assumption of complete
steering of current between the two sides of the differential pair,
while in subthreshold region, it is not possible to completely
steer the tail bias current to either branch, which can reduce the
simulated noise compared to the value predicted by (24).
In this measurement, the oscillation frequency of the ring os-

cillator is controlled by the bias current with a linear relationship
as:

(30)

2Time-domain transient analysis has been used for simulating jitter.

Fig. 13. Simulated histogram of normalized cyclic period deviation from av-
erage period ( for three bias conditions.

where is the number of delay elements in an oscillator ring
and is the load capacitance at the output nodes of each delay
element. Replacing from (30) in (24) results in:

(31)

The linear dependency of the period jitter to the oscillation
period derived from the above equation is consistent with the
measured and simulated results in Fig. 12. The simulated his-
togram of the cyclic period deviation from the average period
for three bias conditions is shown in Fig. 13. This figure demon-
strates the dependency of the standard deviation of the period
to the bias current and oscillation frequency. Higher frequency
(and power consumption) results in smaller value of jitter. For a
fixed oscillation frequency, larger values of result in smaller
period jitter, which at the same time requires a larger bias cur-
rent and power consumption. Finally, at a constant frequency
and power consumption, increasing the number of delay ele-
ments results in smaller tail current and which degrades
the overall jitter based on (31).
Another observation is that in the STSCL topology, as op-

posed to static CMOS inverter-based ring oscillator, the oscilla-
tion frequency and jitter are not directly dependant on the supply
voltage which guarantees a higher immunity of STSCL-based
circuit to supply noise. The sensitivity to supply noise is a major
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drawback of inverter-based CMOS ring oscillators, especially at
high frequencies [25].
In addition to the speed of operation in the STSCL topology

which has low dependency on process variations and can be
precisely controlled through bias current, the timing jitter is
also independent of the technology-based parameters. Hence,
the jitter is more accurately controlled through design parame-
ters such as and . Moreover, as long as the tail bias
current is much higher than the junction leakage cur-
rents and satisfies the necessary condition for the inverter
to perform as a logic gate, the oscillator can properly operate
even in aggressively scaled deep sub-micron technologies. The
proper matching of the load devices and sufficient bandwidth of
the amplifier in the replica bias circuit are mandatory to min-
imize the variations of and provide stable operation of
the STSCL-based ring oscillator over a wide range of opera-
tion frequencies. This improvement in performance and lower
power consumption is achieved at the cost of relatively larger
area usage of STSCL-based circuits compared to their CMOS
alternatives.

VIII. CONCLUSIONS

The effects of process variation on the performance of sub-
threshold source-coupled logic circuits have been studied and
analyzed. This topology is shown very robust against global
process, voltage and temperature variations. However, special
care is required to overcome the device parameter mismatch
effect. Creating an intentional mismatch between on-chip
bias generator circuit and the STSCL gates, in addition to the
proper device sizing, can help to considerably reduce the circuit
sensitivity to parameter mismatches. Experimental results are
provided which support the analytical results. Die-to-die and
within-die variations are studied and their effects on delay
variation of STSCL gates are presented. Jitter measurements
of the stand-alone ring oscillators are also presented, and are
shown to be consistent with our analytical derivations.
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