
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS 1

A 0.1–3.5-GHz Duty-Cycle Measurement and
Correction Technique in 130-nm CMOS

Immanuel Raja, Student Member, IEEE, Gaurab Banerjee, Senior Member, IEEE,
Mohamad A. Zeidan, Senior Member, IEEE, and Jacob A. Abraham, Fellow, IEEE

Abstract— A duty-cycle correction technique using a novel
pulsewidth modification cell is demonstrated across a frequency
range of 100 MHz–3.5 GHz. The technique works at frequencies
where most digital techniques implemented in the same technol-
ogy node fail. An alternative method of making time domain
measurements such as duty cycle and rise/fall times from the
frequency domain data is introduced. The data are obtained
from the equipment that has significantly lower bandwidth than
required for measurements in the time domain. An algorithm for
the same has been developed and experimentally verified. The
correction circuit is implemented in a 0.13-µm CMOS technology
and occupies an area of 0.011 mm2. It corrects to a residual
error of less than 1%. The extent of correction is limited by the
technology at higher frequencies.

Index Terms— 50% duty cycle, CMOS, correction loop,
duty-cycle correction (DCC), duty-cycle measurements,
frequency domain measurements, rise/fall time measurements.

I. INTRODUCTION

WHILE the scaling of CMOS transistors has the
enhanced digital performance, it has also led to more

pronounced intradie and interdie process variation. This calls
for a design philosophy in which the circuits have the capa-
bility to overcome these variations and ensure performance.
With the use of digital techniques in radio circuits and
other high-frequency applications, the clock is of paramount
importance. Phase-locked loops (PLLs) and delay-locked
loops achieve high-accuracy clocks with low phase noise,
but do not generally ensure a 50% duty cycle for the output
waveform [1].

In radio frequency (RF) transceivers for modern communi-
cation standards, the clocks with a precise 50% duty cycle are
necessary [2]. In a receiver, even order harmonics, which arise
out of non-50% duty-cycle clocks, result in additional noise
folding, and thus degrading the sensitivity. They also cause
the second-order nonlinearity and carrier feed-through in some
mixer topologies. With the emergence of digitally intensive
transmitter architectures, the switching power amplifiers are
being used in many cutting-edge applications. The presence
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of even order harmonics causes performance degradation in
terms of linearity, efficiency, and additional out-of-band com-
ponents [3]. High-speed wireline communication systems also
demand very precise clocks. In implementations where a fine
phase separation is generated on-chip, non-50% duty-cycle
clocks result in direct performance degradation. DRAMs are
another application, which require 50% duty-cycle clocks.

Many techniques have been utilized to correct the duty
cycle of a clock. Broadly there are two approaches that
are followed: 1) analog, with feedback loops and 2) digital,
with and without the use of feedback. In [4], an analog
pulsewidth control loop is used with a ring oscillator to
generate a reference signal. This is prone to process-variation
related errors. In [5], the analog duty-cycle correction (DCC)
uses a current-starving technique to shrink or stretch pulses.
An analog loop with a digitally controlled charge pump is
presented in [6]. A dual analog-loop architecture is used in [7].
A nonfeedback digital technique using a half cycle delay
line is demonstrated in [8], while Kao and Liu [9] describe
another nonfeedback digital technique. The frequency range
over which the correction can be made is limited in the case
of nonfeedback digital techniques. Digital feedback techniques
include the use of a binary search algorithm with SAR [10],
time-to-digital converters [11], [12] and phase-alignment [13].
Although they have the advantage of faster settling time, they
are limited by the speed of the technology. Analog techniques
can be exploited where digital techniques fail. In addition, the
analog techniques can be less complicated than their digital
counterparts.

In this paper, we present an analog technique which can be
used to correct high-frequency clock signals to have a duty
cycle of 50%. Section II describes the different blocks of the
correction technique. Section III contains the mathematical
description of the loop. As a rule of thumb, to make good
time-domain measurements of square waves, like that of duty
cycle, rise and fall times, an oscilloscope whose bandwidth
is 5× the frequency of the square wave is required. This
makes it quite expensive to measure and characterize high-
frequency square waves. In this paper, we also develop an
algorithm, by which the duty cycle and rise and fall times can
be obtained from the frequency domain measurements of up to
the third harmonic. In Section IV, we describe this alternative
technique for duty-cycle measurements at high frequencies
with mathematical and experimental proof. We present the
measured results in Section V. Finally, the conclusion is drawn
in Section VI.

1063-8210 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

Fig. 1. Architecture of the duty-cycle corrector.

Fig. 2. Conceptual diagram of the PMC.

II. DUTY-CYCLE CORRECTION TECHNIQUE

A. Architecture

The DCC technique is based on a negative feedback loop,
as shown in Fig. 1. The incoming differential waveforms
(V +

in and V −
in ) are processed by a pulsewidth modifica-

tion cell (PMC), which performs pulsewidth expansion and
contraction. A duty-cycle detector (DCD) at the output of the
PMC provides a differential analog voltage proportional to
the duty cycle of the signal. This is amplified and biased by
a differential amplifier (DA) to produce the control voltages
applied to the PMC, and thus completing the feedback loop.
When the loop stabilizes, the complementary signals at the
output of the PMC (V +

out and V −
out) have a duty cycle of 50%.

B. Pulsewidth Modification Cell

The PMC provides a linear pulsewidth variation with the
control voltage. As shown in Fig. 2, it is essentially an inverter,
whose drive strength is modified by variable current sources
connected to the output node. As a result, the rise and fall times
of the signal are increased or decreased, as necessary. This
slew-deformed waveform is rectified by a comparator whose
trip-point is close to the mid-rail voltage. Fig. 3 shows the
actual implementation of the PMC. When the rise or fall times
are increased by reducing the drive strength, the pulsewidth is
contracted by the comparator. Conversely, when the rise or
fall times are shortened, there is pulsewidth expansion. The
last inverter stage acts as the comparator.

Consider a 0 to 1 transition at node N . As shown in Fig. 4,
when the capacitor at node N gets charged, there are
two sources which contribute to the charge-up time. One is the

Fig. 3. Schematic of the PMC.

Fig. 4. Analysis of the PMC.

supply VDD charging CN (which includes all the parasitic
capacitances at the node N) through the ON-resistance of the
pMOS transistor (RP ) and the residual current IR which is the
difference between IP and IN

IR = IP − IN (1)

VN (t) = VDD(1 − e
−t

RP CN ) + 1

CN

∫
ir (t) dt (2)

where IP and IN are the functions of the voltages across the
transistors. When the charge-up process begins, the output
is close to zero, and hence, IP is large due to the higher
drain-to-source voltage of the pMOS. At the same time, the
drain-to-source voltage of the nMOS is close to 0 V, and hence,
IN is very small. This results in a large IR which speeds up
the charging of CN . As the output voltage continues to rise,
IP decreases and IN increases resulting in a reduction in IR .
Depending on the control voltage, IR may remain positive
throughout, get reduced to a negligible value, or turn negative
at a certain output voltage. For a lower control voltage,
IR remains positive for a longer duration and there is an
effective reduction in the rise time. If IP and IN balance out,
there is very little change in the rise time. For a higher control
voltage, IR turns negative, and there is an effective increase
in the rise time as there is a by-pass path for the charging
current. A similar explanation can be provided when there is
a 1 to 0 transition at the output. A higher control voltage results
in a smaller fall time and a lower control voltage results in a
larger fall time. The control voltage produces opposing effects
on the rise and fall times.

The quantum of change in rise/fall time effected when
IR adds to the charging/discharging current is different from
the case when IR subtracts or reduces the charging/discharging
current. This asymmetry arises out of exponential nature of
charging and discharging. This implies that for the same
control voltage, the change in rise time is different from
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Fig. 5. Characterization of a single PMC unit over corner cases. Simulations
were done with a 1-GHz square wave at the input.

Fig. 6. Differential DCD characteristics curve.

the change effected in the fall time. There is a resultant
effective pulsewidth change. For a certain control voltage,
the net change in rise and fall times cancels each other to
provide an output duty cycle which is the same as the input.
For control voltages greater than this neutral point, there is
an effective increase in pulsewidth and for lesser voltages
there is a decrease in pulsewidth. Fig. 5 shows the simulated
variation in the pulsewidth with the control voltage. The circuit
is simulated in all the process corners with a 1-GHz square
wave. It is observed that by adjusting the control voltage, most
of the pulsewidth range can be covered. This shows that even
at extreme process corners, the correction can be successfully
performed using this PMC. The range of correction is readily
extended using the multiple cells of the PMC in cascade.

C. Duty-Cycle Detector

The DCD produces a differential analog output correspond-
ing to the input duty cycle. It is analogous to a charge pump
used in most PLLs. In this implementation, the DCD is a
DA-based filter. The pole is placed well below the lowest
frequency of operation of the loop. The input signals are inte-
grated with the average value of the signal being proportional
to the duty cycle. Fig. 6 shows the transfer curve of the DCD.

A DA is used to provide gain in the feedback loop and also
to bias the differential control voltages around a locally gen-
erated bias value. The primary sources of error are the offset
of the amplifier and the mismatches between the differential
halves.

The DCD output is equal for both complementary arms only
when the duty cycle is 50%. The feedback loop drives the
circuit in such a way that the DCD output of both arms are
equal, which implies that the duty cycle is 50%.

D. Complete Schematic

The complete circuit schematic is shown in Fig. 7. Multiple
units of the PMC are cascaded. The common mode voltages
VCM1 and VCM2 are locally generated on chip.

When there is a change in the duty cycle at the input,
it is carried through by the PMCs and the DCD produces
a differential error voltage proportional to the change in
the duty cycle. This is amplified by the DA, which also
generates a differential control voltage around the bias that is
required for the PMCs. The control voltage moves in opposing
directions for the complementary paths. When the duty cycle
increases in the positive input path, there is a corresponding
decrease in the complementary path. When the control voltage
reduces the duty cycle in the positive path, it simultaneously
increases the same in the complementary path. This leads to
a differential DCC.

III. ANALYSIS OF THE DCC LOOP

The loop follows the second-order dynamics. Let �φSout be
the output duty-cycle deviation and �φSin be the input
duty-cycle deviation from 50% expressed as phase

�φSout = �φSin − KpmcVc (3)

where Kpmc is the PMC constant which relates the control
voltage to the change in the pulsewidth. Vc is the differential
control voltage, given by

Vc = VDCD · KDA

1 + s/ωDA
(4)

where ωDA is the dominant pole of the DA with gain KDA.
VDCD is generated by the DCD. The DCD is modeled as a
low-pass filter whose bandwidth is much lower than the
frequency of the signal

VDCD = �φSout · KDCD

1 + s/ωDCD
(5)

where KDCD is the detector’s gain expressed in V/rad.
Thus

�φSout(s) = �φSin(s) − KpmcKDCDKDA(
1 + s

ωDCD

)(
1 + s

ωDA

) · �φSout.

(6)

The transfer function is given by

�φSout(s)

�φSin(s)
= (s + ωDCD)(s + ωDA)

s2 + s(ωDCD + ωDA) + (K + 1)ωDCDωDA
(7)

where K = KpmcKDCD KDA.
Let �φ u(t) be a step change in the input duty cycle.

The steady-state residual deviation of the output duty cycle
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Fig. 7. Circuit diagram of the full DCC loop showing the cascade of PMCs, DCD, and the DA with the feedback loop completed.

Fig. 8. Closed loop root locus plot as K is varied from 1 to 10.

from 50% can be calculated by applying the limits

lim
t→∞ �φSout(t) = lim

s→0
s · �φSout(s) (8)

= lim
s→0

s · �φ

s
· (s + ωDCD)(s + ωDA)

s2 + s(ωDCD + ωDA) + (K + 1)ωDCDωDA
.

(9)

This evaluates to a steady-state residual error of �φ/K + 1.
The value of K is always greater than unity by design, and

also determines the accuracy of correction. However, K also
influences the loop dynamics, as understood from the root
locus plot in Fig. 8. We observe that the complex conjugate
pole frequency increases with K . The Bode plot in Fig. 9
shows that the loop is operational only after the complex
conjugate poles appear. In this implementation, the loop can be
operated from ∼90 MHz. Hence, the value of K impacts the
operating frequency range of the DCC loop on the lower side.
Thus, we observe a tradeoff between the correction accuracy
and the frequency range over which the correction can be
performed. In this design, the value of K is 3.07.

Fig. 9. Bode plot for K = 3.07.

IV. ALTERNATIVE DUTY-CYCLE

MEASUREMENT TECHNIQUE

The duty cycle is usually measured using an oscilloscope,
using the zero-crossing points. However, for measuring the
duty cycle of high-frequency square wave signals, an oscillo-
scope whose bandwidth is at least 5× of the signal, (to capture
at least the fifth harmonic) is required. The rise and fall time
measurements are limited by the sampling frequency of the
oscilloscope. The measurement resolution of the rise and fall
times is equal to 1/ fs , where fs is the sampling frequency
of the oscilloscope. Referring to [14], for an oscilloscope
with a Gaussian response, we observe that for a rise/fall
time (trf) calculated between 20% and 80%, the bandwidth
required is ∼0.22/trf , and for rise/fall time calculated between
10% and 90%, the bandwidth required is ∼0.35/trf . Consider-
ing a square wave with 100-ps rise/fall time (20%–80%), the
bandwidth required is 2.2 GHz. However, referring to [15], for
an accuracy level of 10%, the bandwidth of the oscilloscope
should be 5.2 GHz.

Here, we propose a frequency domain approach to measure
the duty cycle and the rise and fall times of square wave
signals. By obtaining the magnitude of dc, fundamental,
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Fig. 10. Square wave with rise and fall times.

Fig. 11. Fundamental, second-harmonic, and third-harmonic components
versus duty cycle for a 1-GHz square wave with rise/fall time of 100 ps.

the second and third harmonics, the duty cycle, the rise,
and the fall times can be calculated. The advantage of this
algorithm is that a frequency domain instrument operating up
to the third harmonic is sufficient to make these measure-
ments as opposed to using a time-domain instrument whose
bandwidth is 5× fundamental frequency which is considerably
more expensive.

A. Mathematical Proof

Consider a square wave train with significant rise and fall
times, as shown in Fig. 10. τ is the ON period calculated
between the mid-rail voltages of the rising and falling
transitions. The rise time (tr ) and fall time (t f ) are assumed
to be equal and taken as trf . The Fourier series expansion is
given by

f (n) = 1

nπ

sin(nπ f0trf)

nπ f0trf
sin(nπ D) (10)

where D = (τ/T ) is the duty cycle expressed as a fraction.
f0 is the frequency of the square wave signal [16]. Fig. 11
shows the fundamental, the second-, and third-harmonic con-
tent of a square wave for different duty cycles. The graph has
been plotted using (10) for a 1-GHz square wave having a
rise/fall time of 100 ps.

Let

g(2) = | f (2)|
| f (1)| = 1

4

| sin(2π f0trf) sin(2π D)|
| sin(π f0trf) sin(π D)| .

Simplifying and substituting α = π f0trf and β = π D, we get

g(2) = cos α cos β. (11)

Similarly

g(3) = | f (3)|
| f (1)| = 1

9

| sin(3π f0trf ) sin(3π D)|
| sin(π f0trf ) sin(π D)| .

Simplifying and substituting α = π f0trf and β = π D,
we get

g(3) = 1

9
|(4 cos2 α − 1)(4 cos2 β − 1)|.

Using (11) and simplifying

cos2 α + cos2 β = 1

4
|16[g(2)]2 − 9g(3) + 1|. (12)

From (11) and (12), the value of cos α and cos β, and hence,
α and β are computed. Therefore

trf = α

π f0
(13)

and

D = β

π
. (14)

Since D is computed using the magnitude of the spectrum, the
duty cycle obtained here is symmetric ∼50%. Whether it is
<50% or >50% is determined by looking at the dc average of
the output. If the dc average of the wave is above a threshold
which is approximately around VDD/2 then the duty cycle is
above 50% and vice versa.

B. Algorithm

A spectrum analyzer that provides spectral information up
to the third harmonic is required for the algorithm proposed
below. A parallel dc measurement is done using a digital
multimeter.

Step 1: If the spectrum analyzer does not provide the
ratio of the harmonics, compute it by f (2) = S2 − S1 and
f (3) = S3 − S1, where S1, S2, and S3 are the fundamental,
the second-, and the third-harmonic power levels (in decibel),
respectively.

Step 2: Compensate for the cable and connector losses
by characterizing them separately. Add the relative losses
between the corresponding harmonics and the fundamental to
f (2) and f (3).

Step 3: Convert the logarithmic power numbers (in dBc)
provided by the spectrum analyzer into amplitudes values

g(2) = 10 f (2)/20; g(3) = 10 f (3)/20.

Step 4: Compute the right-hand side expression for (12)

p = 1

4
(16[g(2)]2 − 9g(3) + 1). (15)

From Fig. 12, it can be observed that the ratio of the
third-harmonic component to the fundamental is negative
between 33.33% and 66.66% duty cycle. Beyond this range,
it turns positive. Since a spectrum analyzer measures the power
magnitude at these harmonics, the sign of g(3) needs to be
modified suitably while evaluating (15). This can be done by
observing g(2). Using a basic Fourier expansion for a square
wave without considering the effect of rise and fall times
(since they are unknown)

h(n) = 1

nπ
sin(nπ D)

and computing the ratio of the second-harmonic component
to the fundamental, we get, g(2) = 0.49 for a duty cycle of
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Fig. 12. Ratio of the second-harmonic and third-harmonic components to the
fundamental versus duty cycle for a 1-GHz square wave with rise/fall time
of 100 ps.

Fig. 13. Test setup for verifying the algorithm.

33.33% and 66.66%. Use this as the threshold above which
the input signal is determined to have a duty cycle beyond the
region of 33.33%–66.66%. In such a case, g(3) is taken as a
positive value and (15) is evaluated. Conversely, g(3) is taken
to be negative and (15) is evaluated.

Step 5: Solve the quadratic equation

x2 − px + [g(2)]2 = 0

where x = cos2 α.
Step 6: Compute cos α and cos β, and hence, α and β. The

rise/fall time is given by (13) and the duty cycle is computed
using (14).

Step 7: Obtain the dc value for the same signal. Use a priori
characterized dc curve with respect to duty cycle or take
VDD/2 as the threshold.

if (Vdc > Vthreshold)
Duty_Cycle = 1 − D

else
Duty_Cycle = D

C. Algorithm Performance

The experimental setup for testing the algorithm is shown
in Fig. 13. A 10-MHz square wave with varying duty cycles
and rise/fall times is generated using a pulse function arbitrary
generator (Agilent 81150A) which is measured by a digital
storage oscilloscope (DSO90404A) and a signal analyzer
(MXA N9020A). A parallel dc measurement is also done.

Fig. 14. Duty-cycle measurements from 10% to 90% using the algorithm
compared with oscilloscope measurements at 10 MHz.

Fig. 15. Rise/fall time measurements using the algorithm at 10 MHz for
different duty cycles. Measurements are made for different preset rise/fall
times of 5, 10, 15, and 20 ns.

The data are processed in MATLAB. The spectral information
is processed by the algorithm detailed above and the duty-
cycle measurement results are overlaid with measurements
done using the oscilloscope in Fig. 14. The rms error is 0.48%
and the maximum error is 0.82%. It can be observed that there
is excellent agreement between the two results. The rise/fall
time measurements are shown in Fig. 15. Measurements are
made for duty cycle varying from 20% to 80%, with different
preset rise/fall times of 5, 10, 15, and 20 ns. This corresponds
to a rise/fall time, which is 5%, 10%, 15%, and 20% of the
unit interval (UI), respectively. The measurement for a rise/fall
time of 20 ns is done for duty cycles between 40% and 60%.
Because of the way in which the Fourier expansion is made,
where trf is the time taken by the waveform to reach from
logic 0 to logic 1 and vice versa, the rise time and fall
time obtained using the algorithm is the total time taken to
swing between the logic levels. This is suitably scaled to the
generally accepted 10%–90% rise/fall time metric. Table I
shows the performance analysis of the algorithm for rise/fall
time measurements. Data between 30% and 70% duty cycle
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TABLE I

RISE/FALL TIME MEASUREMENT PERFORMANCE

Fig. 16. Micrograph of the chip being tested in a probe station.

Fig. 17. Test setup to characterize the DCC loop.

are used to generate this table. It can be observed that when the
rise/fall time is a significant fraction of the time period (UI),
the accuracy is better. This is the case for high-frequency
clocks.

V. MEASURED RESULTS

The DCC circuit was fabricated in a 130-nm CMOS process.
Fig. 16 shows the chip being probed in an RF probe station.
The DCC loop occupies an area of 180 μm × 65 μm.
The test setup is shown in Fig. 17. A signal generator
generates a single tone at the frequency of interest. Inside
the chip, the sine wave is converted into a square wave.
By varying the dc bias of the single tone signal using a
bias-tee, variable duty-cycle distortion is introduced at the
input. A multiplexer is used internally to select either the

Fig. 18. Correction at 100 and 750 MHz.

Fig. 19. Correction at 1 GHz.

corrected or the uncorrected waveform to be buffered out of
the chip. Having two parallel paths to monitor the corrected
and uncorrected waveforms can potentially give rise to
mismatch errors in measurements. Using a single output path
where either of the two waveforms is multiplexed avoids
such mismatch errors in the measurement. A digital storage
oscilloscope (Agilent DSO90404A) with a bandwidth of
4 GHz is used to characterize the circuit up to 1 GHz.
Beyond 1 GHz, a vector signal analyzer (Agilent MXA
N9020A) is used to measure the spectrum. The spectral data
are processed by the algorithm developed in this paper.

In Fig. 18, the measured correction curves at
100 and 750 MHz are shown. Since, the absolute time
by which the pulse can be contracted or expanded is limited
by the number of PMCs used in this implementation, it can
be observed that the input duty-cycle range over which the
correction can be performed, is limited at 100 MHz. Although
the correction technique works at 100 MHz, the accuracy to
which it can correct, is limited for larger duty-cycle errors.
This can be addressed by adding more PMCs in the circuit.
The correction data for 750 MHz are overlaid. We observe
that an input duty-cycle variation of 30%–70% is corrected to
within 0.6% of the target duty cycle of 50%. Fig. 19 shows
the DCC at 1 GHz. A comparison between results obtained
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TABLE II

COMPARISON TABLE

Fig. 20. Correction at 2.5 GHz.

from the DSO and using the algorithm developed in the
previous section has been done. An input duty-cycle error
of 30%–60% is corrected to within 1% (of 50% duty cycle)
at the output. The measurements made with an oscilloscope
are overlaid with those extracted using the frequency domain
measurements. Good agreement between the results can be
observed. The mean absolute correction error as extracted
using the algorithm is 0.41% and using DSO is 0.55%.

In Fig. 20, the DCC at 2.5 and 3.5 GHz is plotted. The data
were extracted using the algorithm described in Section IV.
The maximum residual error is <0.8%. The extent of correc-
tion is limited as the technology does not support narrower
pulses at these frequencies. At 3.5 GHz, a 30% duty-cycle
signal has a pulse ON time of 95.2 ps. Such narrow pulses
cannot be supported in the 130-nm CMOS technology used in
this paper. However, this shows that the technique described
in this paper can work to almost the limits of the technology
of implementation. This technique can be scaled to be used in
more advanced technology nodes to produce similar or better
results.

Table II compares the results obtained with those published
in recent literature. It can be seen that the proposed design has
one of the widest coverage in terms of frequency range. It also
has a low area of 0.011 mm2. The power consumption of the
entire chip is ∼20 mW at 1 GHz, including all the peripheral
circuitry consisting of the input buffer chain, the sine-to-square
converter, the multiplexer and the output buffer chain to drive
an external 50-	 load. This circuit has a wide correction range

of around 30%–70% at 750 MHz. It has been demonstrated
that this analog feedback technique can perform well where
digital techniques fail at the same technology node. Compared
with other analog techniques, the proposed PMC with current
control in parallel with the inverter performs well at higher
frequencies while burning a little more power. As with most
analog techniques, the correction cycle is longer and in this
implementation it is ∼250 cycles.

VI. CONCLUSION

In this paper, we have demonstrated a DCC technique using
a novel PMC to correct the duty-cycle of square waves from
100 MHz to 3.5 GHz. The design has one of the widest
frequency ranges in the reported literature. Applications of
this technique include software-defined radios and cognitive
radios where the transceiver needs to operate over a very wide
frequency range, high-speed digital links and memory circuits.
The technique described in this paper works at frequencies
where most digital techniques fail when implemented at the
same technology node. The loop has been mathematically
studied and characterized. We have also introduced an alter-
native way of making traditional time domain measurements,
such as duty-cycle, rise, and fall times from frequency domain
data, obtained from equipment which has significantly less
bandwidth than corresponding time domain equipment. This
extends the measurement range over which the system can
be operated. An algorithm for these measurements has been
developed and experimentally verified. The results obtained
using the algorithm have excellent agreement with that of the
time domain measurements.
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