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Abstract—Simulation of radar returns, full-duplex systems,
and signal repeaters require hundreds of ns of programmable
broadband RF delay in the signal path to simulate large distances
in the case of radar returns, for signal cancellation in full-
duplex, and for isolation from reflections in signal repeaters.
However, programmable broadband RF delay has been limited
to ones of ns due to challenges in miniaturization with low loss
and low power consumption. In this work, we present a 0.2-2
GHz digitally programmable RF delay element based on a time-
interleaved multi-stage switched-capacitor (TIMS-SC) approach.
The proposed approach enables hundreds of ns of broadband
RF delay by employing sample time expansion in multiple stages
of switched-capacitor storage elements. The delay element was
implemented in a 45 nm SOI CMOS process and achieves a
2.55-448.6 ns programmable delay range with <0.12% delay
variation across 1.8 GHz of bandwidth at maximum delay, 2.42
ns programmable delay steps, and 330 ns/mm’ area efficiency.
Through the proposed approach, the device shows minimal delay
change across a -40°C to 85°C temperature range and <0.25 dB
gain variation across delay settings. The device achieves 26 dB
gain, 7.4 dB noise figure, and consumes 74 mW from a 1 V
supply with an active area of 1.36 mm>.

Index Terms—programmable delay element, true-time delay,
broadband, switched-capacitor, low-noise amplifier, radar, self-
interference cancellation.

I. INTRODUCTION

True-time delay devices have seen significant deployment in
broadband phased array applications [1]-[4] to electronically
steer an array while maintaining directivity across a large
operating bandwidth, unlike employing phase shifters which
suffer from beam squint, and have achieved RF delay up to
3.75 ns [4] in a single device. However, other applications
require much larger time delays on the order of hundreds of
nanoseconds in the signal path. Achieving large delay at GHz
frequencies with significant bandwidth, programmability, and
low power consumption has been a major challenge.
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Fig. 1. Programmable delay element techniques including gm-C all-pass
filter [1], switched-capacitor [7], and the proposed time-interleaved multi-
stage switched-capacitor (TIMS-SC) approach.

Radar testers and digital RF memory (DRFM) devices sim-
ulate radar returns by capturing the transmit (TX) waveform,
applying a delay related to distance (6.7 ns/m of reflected
distance), and re-transmitting the delayed waveform. Large
operating bandwidth is required as more bandwidth results in
better range resolution in radar systems. To simulate distances
of hundreds of meters (>400 ns delay), radar testers (e.g. [5])
use long coax cables due to their large bandwidth but are
limited to a small set of delays due to size required as coax
cables only achieve a delay of approximately 5 ns/m of length
and have no inherent programmability. DRFM devices (e.g.
[6]) often employ digital implementations where the signal
is digitized and delayed by an FPGA but do so at the cost
of watts of power consumption due to required high speed
digital interfaces and processing requirements, and significant
electronics size due to the multi-block system for digitization
and processing.

Signal repeaters and full-duplex communication systems
transmit and receive at the same frequency and in the case
of full-duplex at the same time. Both applications suffer from
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TX to receiver (RX) leakage, as well as transmit reflections
off objects in the nearby environment returning to the RX
input which can create oscillations in signal repeaters and RX
saturation in both systems. In signal repeaters, delay between
reception and re-transmission can ensure overall loop gain in
the system remains less than unity for oscillation prevention,
even with object reflections. For example, consider a signal
repeater with 8 ns delay between the RX and TX, where
each is enabled for the 8 ns time period with 50% duty cycle
operating at 850 MHz. Since the RX and TX are duty-cycled
at 8 ns intervals, reflections from objects closer than 1.2 m will
arrive at the device before the RX is enabled or with small
RX overlap therefore greatly attenuating the reflected signal in
the repeater loop. However, consider an object such as a car
nearby the device. Based on the radar range equation, a single
car (100 m? cross section) will reflect the transmit signal back
to the device when the RX is enabled with a path loss of 25
dB at a distance of 1.2 m or 44 dB at 3.6 m. If the repeater
has loop gain higher than the path loss, the repeater will have
positive loop gain and oscillate from the reflection. If the delay
is increased to 100 ns, objects closer than 15 m are largely
attenuated in the system and path loss of 69 dB at 15 m and 88
dB at 45 m is achieved. Full-duplex communication systems
cancel TX signal leakage at the RX input to prevent TX front-
end saturation using finite impulse response (FIR) filter based
cancellation, but have only achieved RF delay taps up to 8 ns
(1.2 m reflection) [8]. While cancellation with larger delays
may be completed in the baseband, reflections from objects
such as a car or building can saturate the front-end prior to
baseband cancellation at distances >>4.5 m (>>30 ns) [9].

Prior programmable RF delay element approaches include
delay line (e.g. [4]), gm-C filter [1], and switched-capacitor
[7] techniques (Fig. 1). Delay-line-based approaches have
achieved high frequency performance but only delays <1 ns
and with low area efficiency. Gm-C filter-based delays have
achieved >20x increase in area efficiency [1] compared to
delay lines but are limited to <2 ns delay [2]. Switched-
capacitor delays have achieved another >5x increase in area
efficiency but are limited to <8 ns RF delay [8], which remains
an order of magnitude lower than required for radar testers,
DRFM devices, and deployable full-duplex systems.

Prior to this work, surface acoustic wave (SAW) devices,
in addition to coaxial cables, could be employed to achieve
hundreds of nanoseconds of RF delay but have significant
loss, time delay ripple, small bandwidth, and have no pro-
grammability. An exemplary example of such a device in [10]
achieved 172 ns delay but with 40 ns delay ripple, only 68
MHz bandwidth, and with approximately 10 dB signal loss.

To solve these challenges, this paper introduces a time-
interleaved multi-stage switched-capacitor (TIMS-SC) delay
element. The approach employs switched-capacitor delay in
three stages and overcomes the <8 ns delay limit of prior
art using time expansion in the second delay stage to reduce
sample leakage. The three-stage approach enables low capaci-
tive loading and simple, timing skew tolerant clock generation.
This work expands upon the TIMS-SC approach first presented
in [11], and also presents an improved implementation which
has on-chip biasing, a >20 dB improvement in clock spurious
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Fig. 2. Functional diagram of the proposed time-interleaved multi-stage
switched-capacitor delay approach showing an example input/output wave-
form transferred through the switched-capacitor delay cell.
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Fig. 3. Example input/output waveform and clock timing diagram.

performance, and which has been verified across temperature
variation. At sample rate F; = 3.3 GHz, the delay element
achieves a 2.55-448.6 ns delay range across 0.2-2 GHz delay
bandwidth, 330 ns/mm? area efficiency, and covers a 175.9x
delay range.

The remainder of the paper is as follows. A description of
the TIMS-SC architecture including leakage and timing skew
mitigation is given in Section II. Section III describes the delay
element circuit implementation including additional amplifiers,
clock generation, and switched-capacitor circuits, as well as
clock spurious mitigation. Measurement results of the delay
element are given in Section IV.

II. DELAY ELEMENT OPERATION

Fig. 2 and Fig. 3 show the functional and timing diagram of
the proposed TIMS-SC approach with an example input/output
waveform, shown single-ended for clarity while the implemen-
tation is differential (Fig. 5). To achieve almost 450 ns RF
delay at 3.3 GHz sample rate, more than 1480 RF samples
must be stored with low signal leakage across expected process
variation and in high temperature environments. Achieving this
in a direct switched-capacitor implementation is impractical
because of significant capacitive loading at the input if 1480
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capacitors were placed in parallel, large signal leakage through
sampling switches which must support settling time at the
RF sample rate, and complex multi-phase clock generation
at the full sample rate F;. To overcome these challenges,
the proposed delay element is constructed in three stages:
(Stage 1) an 8-phase switched-capacitor network sampling
at full sample rate F, (Stage 2) a 186 capacitor storage
element operating at Fy/8 following each stage 1 sampler and
enabling long time sample storage, and (Stage 3) an 8-phase
recombining stage operating at Fg. In this implementation, a
buffer is inserted between each delay stage to prevent gain loss
from charge sharing, but a passive implementation, where the
interstage buffers are removed, may be completed as a tradeoff
between power consumption and signal gain. Compared to
[11], the stage 3 buffers are removed in this implementation
for clock spurious improvement as will be discussed in Section
III.

The TIMS-SC delay network operates as follows. The
RF input is sampled sequentially onto 8 capacitors using 8-
phase non-overlapping clocks Py-P;. Each stage 1 sample is
transferred to 1 of 186 storage capacitors in the associated
stage 2 sub-block, where there are 8x186 total capacitors in
stage 2. While stage 1 settling time is 1/F;, settling time
expansion is created in stage 2 by allowing sample transfer
from stage 1 to 2 to continue during the stage 1 hold time
(PLy, where x is stage 1 path and y is stage 2 capacitor). To
reduce timing skew sensitivity, the stage 2 input clock Plyy
transitions prior to the stage 1 sample clock Py (e.g. Pljp
before P;) such that the stage 2 input is static during stage
2 clock transitions to prevent signal distortion from both skew
between clocks in stage 1 and stage 2 and skews between
stage 2 clock edges. After the programmed delay time, a
stage 2 output clock PO,y initiates the transfer of the sample
to the input parasitic capacitance of the associated stage 3
switches, again time expanded. Delay is programmed using a
programmable counter to delay the startup of POy, relative to
PI, by an integer number of periods of P,. Stage 3 switches
output the delayed RF signal employing the same 8-phase
clock timing as stage 1 (Px). Timing skew is again mitigated
by transitioning the stage 2 output clock PO,y after the stage
3 output clock Py. The RF delay can be programmed over a
range of 8/F; to 1480/F; in 8/F; steps and delay scales with
sampling frequency. Delay resolution of 8/F; is sufficient for
the desired applications and is limited by use of a constant
clock phase of Py to clock Pl,y and POyy. Finer resolution may
be achieved by programming the clock phase which drives
POy, as well as the associated stage 3 switch, relative to PL,
for a given desired delay. High configurability and broadband
delay achieved provide flexibility in operating frequency and
bandwidth around F,/2 alias intervals.

A significant challenge in achieving hundreds of nanosec-
onds of RF delay using a sampled network is leakage of
the stored voltage during the hold state, especially at high
temperatures and at the fast process corner. The simulated
leakage through the switches is 10x higher at the fast 85 C
corner compared to the typical corner at room temperature in
the implemented CMOS process. As discussed above, settling
time expansion is created in the stage 2 delay which enables a
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Fig. 4. Comparison of ideal zero-order hold gain response (Eq. 1) and
schematic simulation of normalized gain response of the implemented three
stage switched-capacitor delay network.

significant reduction in sampler bandwidth required in stage 2
compared to stage 1, allowing much smaller sampling switches
in stage 2. In this work, the switch size reduction is 8x in stage
2 compared to stage 1. The switch size reduction enables a
large reduction in sample leakage during the switch OFF state
and savings in clock power consumption as the switch gate
capacitance is reduced. The leakage reduction enables an equal
increase in maximum achievable hold time, key to achieving
nearly 450 ns of RF delay. Since delay scales with sampling
frequency, the lowest sampling frequency supported by the
device when programmed for the maximum delay state is also
limited by leakage.

The TIMS-SC delay operation effectively completes a zero-
order sample and hold operation on the input and applies
the held sample at the output. As such, the gain through the
sampled network due to the sampling operation follows [12]

X in(%L
Xour(f) = % (1

Fs

where f is the frequency of the input signal, F is the sampling
frequency, XiN(f) is the input signal in the frequency domain,
and Xoyr(f) is the final output signal in the frequency domain.
Fig. 4 shows a comparison of the ideal response to the
schematic simulated response of the three stage switched-
capacitor network. In this work, the signal has a 3 dB
bandwidth of 1.5 GHz at a sample rate of 3.3 GHz from the
sampling network itself. Bandwidth related gain roll-off of
additional amplifiers included in the delay element presented
here further reduces the 3 dB bandwidth to 1.1 GHz as shown
in Section IV.

Based on the TIMS-SC architecture discussed (Fig. 1),
design parameter selection can be completed as follows. A
target maximum delay t;.x and operating bandwidth fgw
are chosen. Once capacitor size is determined by noise re-
quirements (Section III-D), switch leakage simulations are
completed at the worst case corner to size stage 2 switches
such that minimal signal leakage occurs in the given time ty,y.
With stage 2 switch and capacitor sizing set, the maximum
operating frequency ff g for stage 2 can be determined based
on settling time of the sampler and any additional margin
needed for buffer amplifiers in the stage 1 and stage 2 outputs.
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Fig. 5. Block diagram of the delay element RFIC.

Next the number of stage 2 switched-capacitor elements M can
be selected by

M=1+ dtmaxffs,sth(e' (2)

Sampling frequency fs is selected based on fgw as a combi-
nation of Eq. 1 and any bandwidth limitations of amplifiers
placed before and after the delay element. Now the stage 1
and stage 3 switched-capacitor elements N can be selected by

N = dLe.

fs,stg2

3)

III. CIRCUIT IMPLEMENTATION
A. Top Level

Fig. 5 shows the block diagram of the implemented delay
element. All RF inputs and outputs are 50-ohm matched on-
chip and single-ended, while the core circuits are differential
to increase immunity to common mode noise and reduce
clock feedthrough in switches. A low noise amplifier (LNA)
provides matching, low noise performance, gain, and single-to-
differential conversion. An input buffer provides isolation be-
tween the LNA and switched-capacitor circuits, and provides
low output impedance for driving the sampling network. After
the TIMS-SC delay operation, an additional gain buffer adds
further amplification and an output buffer provides differential-
to-single-ended conversion and matching for the final RF
output. All required biases are generated from an on-chip
bandgap reference. A serial peripheral interface (SPI) allows
digital programming of the clock divider, delay value, and
signal gain.

B. Clock Generation

All required clocking for the delay operation is gener-
ated from a single reference clock provided from an off-
chip source. A programmable clock divider can divide the
reference input frequency (Fcrg) by 1, 2, or 4 to generate a
given sample frequency (F;) from multiple allowable reference
frequencies, providing flexibility at the system level based on
clock frequency availability.

A divide-by-8 clock divider is constructed of a ring of
inverters with transmission gates between to generate 12.5%
duty cycle non-overlapping clock outputs, similar to the di-
vider used in [14], for each of the stage 1 switched-capacitor
samplers with pulse width 1/F;. The divide-by-8 is replicated
in stages 1 and 3 to prevent clock overlaps which would
otherwise occur due to timing skew if the clocks were routed
across the chip. As long as the input sampling time and
sample output time are delayed together, the delay through
the sampling network is constant. Therefore, by replicating the
buffers and dividers exactly in stage 1 and stage 3, clock delay
in stage 1 and stage 3 will track each other over temperature
which also keeps the signal group delay through the sampling
network constant over temperature as can be seen in Section
IV. This is in contrast to other delay element approaches such
as gm-C, where the delay is dependent on the location of poles
and zeros in the filter network which are both dependent on
device transconductance which will vary over temperature if
not calibrated. In order to support standard logic for stage 2
clock generation, each of the 8 clock phases is pulse extended
to near 50% duty cycle prior to being distributed to each
stage 2 divider by doing a logical AND operation to combine
multiple 12.5% duty cycle clock phases.

Each stage 2 delay block includes two divide-by-186 circuits
which divide the given divide-by-8 clock Py (Fig. 2) after pulse
extension using a ring of flip flops with reset implemented in
standard logic cells with 8/F; pulse width. The input clock
Pl is derived from the stage 1 clock Py, and the output clock
PO,y is derived from the stage 3 clock Py,,. While one clock
period of margin is shown in Fig. 3 between, for example,
Ply and Py, one additional clock period of the stage 1 and
stage 3 clocks is used here to allow an additional clock period
delay in the stage 2 clock generation.

Since the proposed delay architecture uses sampling similar
to a time-interleaved analog-to-digital converter (ADC), effects
of sampling clock jitter will appear as added noise around
large input signals, as described in [13], in the same way as
an ADC.



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. XX, NO. XX, DATE 2023

TR
B

VOUT+
VOUT-

=z
L O~ Ms

o

§_|--l

ol |

! M
58! vl

Fig. 6. Circuit diagram for the low noise amplifier.

C. Amplifiers

A low noise amplifier (LNA) provides gain and differential
conversion prior to the switched-capacitor input buffer. The
LNA design is based on the design presented in [15], but with
key modifications for reduced area and power consumption
(Fig. 6). The design employs a common gate input device M3
to provide broadband matching and a second signal path in
parallel made up of common source device M; and an inverter
made up of M, and M. The second path enables single-to-
differential conversion and gm boosting of M3 for low power
consumption. A cross-coupled cascode stage placed before
the output enables increased output impedance and improved
differential output symmetry during single-to-differential con-
version. A single off-chip inductor provides a current path for
the matching device M3. All devices employ minimum length
and gate finger width of 1 um, while M;, M3-Ms have 17
fingers and M, and Mg have 25 fingers. Load resistance on
both differential outputs is 410 . The reader is directed to
[15] for more details on matching and noise performance.

As in [15], the inverter in parallel to the common source
device enables higher transconductance at lower power con-
sumption than an increased common source device sizing and
the feedback resistor in the inverter is for biasing purposes
with high impedance in the signal path. Rather than having the
inverter be self-biased as in [15] to bias the NMOS devices
M; and M, here AC coupling is used into the gate of both
M, and Mg of the inverter such that Mg can be biased using a
current mirror which provides a constant current reference for
NMOS biasing over PVT variation through diode connected
M,. By further employing the same bias point in M;-Mj;
and ensuring Vg = Vg for these devices through the same
gate bias and current bias for My4-Ms, no AC coupling is
required from the inverter output to the drain of M;. This
removes a large capacitor present in [15] to the low impedance
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Fig. 8. Circuit diagram for the stage 2 switched inverter buffer.
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node presented by the source of My saving significant area.
While two capacitors are used for AC coupling at the inverter
input, both are coupling into high impedance nodes limiting
their required sizing, where the total capacitance of the two
capacitors is 680 fF. The LNA only consumes 0.0016 mm?
active area while achieving a simulated noise figure of 3.5 dB
at 3.5 mW power consumption.

Fig. 7 shows the schematic diagram for the switched-
capacitor input buffer and stage 1 buffer. The input buffer
isolates the LNA output from the switched-capacitor circuits.
The input buffer has a high impedance input and employs
a push-pull output stage for low output impedance for fast
signal settling during sampling, rejection of common mode
signals, and to provide signal gain. The buffer employs devices
with minimum length and 28 pm total width. After each stage
1 sampling capacitor, an NMOS common-source with diode-
connected load is employed to prevent charge sharing between
stage 1 and stage 2 capacitors and to provide unity signal
gain. An NMOS only configuration in the stage 1 buffer was
found to provide lower gain variation across device mismatch
compared to an inverter with self-biased inverter load which
ensures low signal distortion from gain mismatch between
paths. All stage 1 buffers are placed in close proximity in
layout to ensure good matching. The stage 1 buffer devices
employ 232 nm length and 25.8 pm width.

After each stage 2 sampling capacitor, a dynamic inverter
buffer isolates the sampled signal from the stage 2 output as
shown in Fig. 8. Each buffer is only enabled during sample
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transfer from stage 2 to stage 3, clocked by POyy, such that
only 1 of 186 buffers is enabled at a time in each stage 2 delay
path, while all others are in a state with high impedance output.
Each buffer employs minimum length devices and 2.5 pum
width. Differential clock signaling and equal NMOS/PMOS
switch sizing limits clock feedthrough during the switching
operation. A single self-biased inverter load is employed in
the output of each stage 2 path as shown in Fig. 5. Buffers
in delay stage 1 and stage 2 are DC coupled to account for
signal aliasing during the time-interleaved operation within
the delay network and receive DC biasing from the input
buffer output, while all other amplifiers are AC coupled outside
the delay network. Following stage 3 signal recombination,
a common source amplifier with resistive load provides low
input capacitance and additional gain. A final output buffer
includes a common source input stage and push-pull output
stage for output matching and differential-to-single ended
conversion (Fig. 9). The output buffer employs devices with
minimum length in both stages, while the driver stage has
device width 8 pm with 915  load resistance and the output
stage has devices with width 28 pm.

In order to enable verification of delay performance beyond
the Fy/2 alias frequency, the LNA and other device amplifiers
are designed for a bandwidth of 2 GHz which is greater than
the 1.65 GHz alias frequency when using a sample frequency
F; = 3.3 GHz. As a result, the LNA output noise above
1.65 GHz is aliased back below 1.65 GHz during the first
sampling operation which results in a noise figure increase
of approximately 3 dB. While acceptable in the intended
application, lower bandwidth amplifiers may be employed
prior to the first sampling stage to reduce noise figure.

D. Switched-Capacitor Circuits

As the delay element is made up of switched-capacitor
samplers, each sampling event results in noise generation with
integrated power kT/C spread equally across frequency from
DC to Fy/2, where a buffered three stage design results in
3kT/C integrated noise power with additional noise from the
buffer amplifiers. To limit sampling noise contribution and
layout area, a differential 250 fF capacitor is employed in
each sampler in delay stage 1 and stage 2. A complementary
NMOS/PMOS switch is used in each stage to limit clock
feedthrough as described in detail later. The switch sizing
is designed to allow 4.5-6 sampler time constants for signal
settling to minimize signal distortion created by incomplete

settling. With increased settling time, the stage 2 switches are
8x smaller in width than the stage 1 switches which results in
reduced leakage as discussed previously.

Two approaches are used here to achieve good area effi-
ciency. All switched-capacitor circuits are implemented with
a differential capacitor resulting in half the capacitor sizing
throughout the network compared to single-ended imple-
mentations. By using the sampling regime in the switched-
capacitor network with a buffer at the network output with
high impedance input, capacitor sizing may be selected by
noise limitations and sizing is not burdened by discharge into
a 50 load.

E. Clock Spurious Mitigation

As the TIMS-SC design employs a mixed-signal approach
rather than traditional delay line or gm-C filters, undesired
clock spurs must be mitigated to ensure maximum dynamic
range in the system. Sampling clock spurs can occur at the
delay element output through several mechanisms: 1) clock
injection through mutual routing coupling capacitance with
the signal path, 2) clock injection during sampling through
sampling switches, and 3) DC offsets in buffers employed
between delay stages.

In both this work and in [11], clock injection through mutual
routing capacitance is minimized using a few layout ap-
proaches. The input clock (CLKIN) and programmable divider
are placed close to the input pad in layout to minimize routing
distance (Fig. 10). After frequency division, the sample clock
is converted to differential, buffered, and routed differentially
using a twisted pair configuration across the chip to limit
clock radiation to nearby routing, and any signal routing which
crosses the sample clock routing sees equal coupling to both
differential clock signals therefore preventing clock injection
into the signal path. In the same way, the signal path is routed
differentially after the single-ended chip interface such that
any residual clock injection can be cancelled at the output
buffer during the final differential-to-single-ended conversion.

Clock feedthrough during a sampling event can occur
through a capacitor divider between the sampling capacitor
and C,q of the sampling switch. As with many advanced node
processes, the chosen CMOS process has nearly equal strength
PMOS and NMOS devices. As such, transmission gates are
employed for each sampling switch with equal size PMOS
and NMOS devices in both this work and in [11]. By using
equal size devices which require opposite polarity clock inputs,
each clock input has equal capacitive feedthrough such that
the differential injection results in clock injection cancellation
in each sampling transmission gate switch. Simulations show
the differential cancellation is maintained to high levels across
process variation. Furthermore, differential signal sampling is
employed (Fig. 5) such that any residual feedthrough appears
as a common mode signal on the sampling capacitor which
is later rejected during the final differential-to-single-ended
conversion.

The prior implementation in [11] showed an input referred
clock spurious level of -47 dBm at Fy/8 harmonics which
was higher than desired for some of the intended applica-
tions. While the above two clock spurious mitigation methods
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worked well, it was found that DC offsets within the delay
buffer ampli ers were the dominant cause of the clock spurs.
It is noted that because the proposed approach employs time-
interleaving, AC coupling is not possible between delay stages
since information may be folded to DC during the interleaving
operation prior to signal recombination in delay stage 3.

Consider a set dfil ampli ers which each have random DC
offset with standard deviationpc following a random normal
distribution which are applied periodically to a single output
every N clock cycles. The periodic nature creates power at
DC as well as at harmonics

Fs 2Fs.  (N=2 1)Fs
NN N 4)
which further alias at §2 intervals. The power generated from
the DC offsets is spread across each of these harmonics with
average power at each harmonic given by
2 pc?.
N )
First consider the buffers placed at the output of each stage
2 sampler, each with independent random DC offset with
with standard deviation pc 2. Each buffer creates an output
sample every 1480 clock cycles of the delay element with no
dependence on programmed delay value. As such, the average
output power at each harmonic can be given by

Fig. 10. Die micrograph of the programmable RF delay element.

2
pc,2” .
740 ° ©)

With the large number of stage 2 buffers, the generated
spurious level is minimal.

Now consider both the buffers placed after each stage 1
sampler, as well as the self-biased inverter loads at each sta§&@?211- Photo of the test PCB and external components.
output, each with independent random DC offset with standard

deviation pc,. In this case, each buffer creates an outpll, .~ peon recombined after interleaving and contains
sample every 8 clock cycles of the delay element. As such y 9

e . only frequency content above 200 MHz. To further reduce the
the average output power at each harmonic is now given bBC offset in the stage 1 buffer and stage 2 self-biased inverter
bc,1?. ) load, each is resized from minimum length to 232 nm length
4 devices, signi cantly reducing DC offset generated in these

Considering the smaller number of independent DC offséiages. As shown in Section IV, the improvements reduce the
generators here, the average spurious power is now 23 l@ggest clock spur by 24 dB compared to [11].

higher than that generated in the stage 2 output buffers given
above, if each has the same standard deviation of DC offset.
In [11], all buffers were implemented using minimum length
devices and an additional stage 3 buffer was present whichThe proposed time-interleaved multi-stage switched-
results in the same clock spurious power addition as the staggacitor delay element was implemented in a 45 nm SOI
1 buffers described here. In order to improve the clock spurio@MOS process as shown in Fig. 10 including improvements
performance compared to [11], here two approaches are usau.the prior implementation in [11] as described in prior
Since stage 2 already includes a buffer and the parasitic routBegtions. The die area including bond pads is 42mvhile
capacitance at the stage 3 input is signicant, the stagetl® active area is only 1.36 mimThe device was packaged
buffer is completely removed and replaced with sampling a 5x5 mn? QFN (same package as in [11]) and mounted
switches. During the stage 3 output, the sample held on the PCB for device testing. In addition to the device, the
parasitic routing capacitance is transferred to the input ofPCB (Fig. 11) includes a 100 nH RF choke inductor (0201
low input capacitance common source ampli er through apackage) from RFIN to VSS, an open-stub match at CLKIN
AC coupling capacitor placed between the output of the statgeextend the matching bandwidth for testing, and a 300 pF
3 switches and input of the ampli er, completely removind>C blocking capacitor (0201 package) between RFOUT and
a source of DC offset generated clock spurs from [11]. A@e test equipment. The device includes an on-chip bandgap
coupling is possible after the stage 3 switches since the signefierence for all bias generation and a 1.8V SPI interface to

IV. MEASUREDPERFORMANCE
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Fig. 14. From the device in [11], (a) measured delay across delay code at
constant 1 GHz input signal frequency, and (b) delay DNL/INL.
Fig. 12. Measured RF delay performance across all possible delay states.

Fig. 15. Measured RF delay at -40 and 85C at (a) the minimum delay
Fig. 13. Measured RF delay at (a) the minimum delay state and (b) thate and (b) the maximum delay state.
maximum delay state.

performance is veri ed across all possible delay states across

enable programming delay, clock division factor, and bandg8ge-2 GHz frequency range at room temperature (Fig. 12). The
calibration. maximum achieved delay is 448.6 ns, minimum delay 2.55 ns,

A target system for the delay element has an available @&6d the delay step showed expected 2.42 ns/step) (8¥er
GHz clock source, so the device here and in [11] are fulthe 175.9x delay range. Delay response is relatively at across
characterized atdq= 3.3 GHz, where the CLKIN frequency isdelay settings, and the response at the minimum and maximum
Fek = 6.6 GHz and the on-chip clock divider is programmedelay is shown in Fig. 13 with delay variation at maximum
to divide-by-2 to produce 4 The device is further veried delay of<0.12 %. Delay is nearly constant even above the
to operate properly across all delay states with=R2 GHz alias frequency of 1.65 GHz. In the prior implementation
to 4.5 GHz, representing maximum delay up to 740 ns amléscribed in [11], an RF oscilloscope with correlation-based
area ef ciency up to 544 ns/mfrbut with reduced bandwidth post-processing was used to measure the delay linearity across
compared to £= 3.3 GHz. The maximum frequency of I5 all delay steps at an input signal frequency of 1 GHz. As shown
limited by the sampler settling time in the network and the sup? Fig. 14 as measured from the device described in [11] and
ported operating frequency of the clock design. The minimurapeated here for completeness, the DNL/INL was 4 ps
Fs is de ned with the device programmed in the maximunacross all delay settings using the time-interleaved multi-stage
delay state and is limited by sample leakage as describedsimitched-capacitor approach.
Section Il. A lower minimum Ecan be supported if the device VNA delay measurements are repeated inside a temperature
is programmed with delay 740 ns. Ry is veri ed to properly chamber over a temperature range of @Qo 85 C as shown
operate from 2 GHz to 13 GHz with minimum required inpuin Fig. 15. Delay performance is maintained across the €25
power of<-10 dBm. The supported ranges, combined with themperature range showing the robustness of the proposed
on-chip programmable clock divider, provide system exibilitydelay approach.
in clock frequency, delay range, and frequency coverage. AtNoise gure is measured at room temperature and gain is
Fs = 3.3 GHz and fx = 6.6 GHz, the device consumes 74seri ed over a temperature range of -4D to 85 C during the
mW (3.5 mW LNA, 3.5 mW output buffer, 29 mW clocking, delay VNA measurements as shown in Fig. 16. The device
38 mW delay buffers) from a 1 V core supply atk@50 W achieves a minimum noise gure of 7.4 dB which increases
from a 1.8 V supply used for digital /O and the bandgap. below 400 MHz due to icker noise and above 1.1 GHz

Broadband RF delay performance is measured using aa®- device gain reduces. The gain is a maximum of 26 dB
port vector network analyzer (VNA) with group delay captureat room temperature and varies by2.4 dB over the full
PCB trace delay is removed from measurements throutgmperature range. The device achieves a 3 dB bandwidth of
calibration using a replica trace on the test board. Deldyl GHz and<0.25 dB gain variation is observed between
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TABLE |
PERFORMANCE SUMMARY AND COMPARISON TO PRIOR ART
This ISSCC JSSC JSSC ESSCIRC TMTT TMTT
Work 2021 [8] 2015 [1] 2017 [2] 2021 [3] 2020 [16] 2021 [10]
Design Delay SIC 4 Channel Delay 4 Channel Delay Delay
Element Receiver Beamformer Element Beamformer Element Element
Architecture _TI-MS Switched-Cap Gm-C Gm-C Switched-Cap| Switched-Cap| = SH-SAW
Switched-Cap
Frequency Range 0.2-2 GHz 0.1-1 GHz 1-2.5 GHz 0.1-2 GHz | 0.08-0.8 GHz| 0.1-0.5 GHz | 1.08-1.15 GHz
3-dB Bandwidth 0.2-1.1 GH?2 0.1-0.5 GH2 1-2.5 GHz 0.1-2 GHz - 0.1-0.4 GHz | 1.08-1.15 GHz
Max Delay 448.6 n8 7.75 n8 0.55 ns 1.7 ns 3.75 ns 2ns 172 nd
Area Ef ciency 330 ns/mm@® | 37 ns/mm® | 7.9 ns/mm | 5.9 ns/mm | 12.6 ns/mi | 16.7 ns/mm | 1320 ns/mi& |
Delay Variation 0.129% 259 1.8% 24% 0.5/0.79% 4099
at Max Delay
Delay Range 175.9x 310 39.3¥ 6.8x 3x¢ 3x¢ Single
Gain 26 dB -19 dB 12 dB 0.6 dB -0.8/-15 dEf -10 dB
Noise Figure 7.4 dB - 8 dB 23 dB -/25.5 dB 10 d®
IP1dB -27 dBm - -21 dBm -13 dBm - -0.1/0.2 dBni 30 dBm
Power 74 mWA 7.4 mwP 90 mwA 364 mw 29 mw 9.6 mw Passive
Technology 45 nm SOI 65 nm 140 nm 130 nm 65 nm 65 nm LiNbO3
Active Area 1.36 mnf 0.21 mnf® 0.07 mn? 0.29 mnf 1.98 mn? 0.12 mnf 0.13 mn®

3F = 3.3 GHz.’Max RF delay elemenfBased on delay stefiSingle channel®Low-Z input, high-Z/low-Z output (not 50 matched).

Fig. 16. Measured (a) gain over -40 and 85 C temperature range and (b) Fig. 17. Measured output spectrum with a 1 GHz input signal at (a) -37 dBm
noise gure at room temperature. input level and (b) -30 dBm input level.

the maximum and minimum delay settings showing successfiHIFS/8 c?rrpaer to t?et.prlorf |E)nglefr;1er:tat!?n Itr'] [11] showmg
sample leakage mitigation. Gain atness across any 100 migyccessiul impiementation o ofiset mitigation approaches

bandwidth is< 0.5 dB across 0.2-2 GHz. Bandwidth an(ﬂroﬁosesd':igéhis V\;()rk' The othtehr tvlvo Eevice_s measured shl(_)tw
atness can be further improved by operating atR3.3 GHz Igher performance with clock Spurious power spli

to reduce the Sinc roll-off inherent to the zero-order holf'°'¢ evenly betweens8 and 3K/8 as described in Section

operation as described in Section Il. Input-referred P1dB i%‘ﬁlzcg sp#|r|ous llmllltg(?:[s)lng I|sdfounq to ?Z'at mt"?‘X'mum
-29 dBm at 300 MHz and -27 dBm at 1 GHz, dominated b§/’ » While overa including signal distortion 1S a

the output buffer, while the delay element without LNA and
output buffer has simulated IP1dB of -0.8 dBm and gain of 1
dB. S1/Sy, is measured to be-10 dB from 0.2-3 GHz for
the RF input/output (RFIN/RFOUT), and from 1-9 GHz for
the clock input (CLKIN), including an open-stub board match
at CLKIN.

Three devices are measured to determine clock spurious
performance and overall spurious-free dynamic range (SFDR).
Fig. 17 shows the worst case measured device output spectrum
up to R/2 given an input tone at 1 GHz with signal levels -30
dBm (3 dB below P1dB) and -37 dBm (10 dB below P1dB).
The dominant clock spur is located af&at an output level of
-45 dBm (mput;referred -71 dBm) and broadband clock S;pulglsg. 18. Maximum delay achieved versus area ef ciency scatter plot of prior
are<-53 dBm (input-referreck -78 dBm) across the spectrum.art in on-chip programmable delay at operating frequeneis0 MHz [1}-
This represents a 24 dB improvement in spurious performariék [7], [8], [16]-{20].



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. XX, NO. XX, DATE 2023

10

maximum of 32 dB at a signal input level of -34 dBm at 1[4] M. Li, N. Li, H. Gao, Z. Zhang, S. Wang, Y.-C. Kuan, C. Song,
GHz. SFDR performance is measured to be constant across a X Yu, Q. J. Gu, and Z. Xu, "An 800-ps origami true-time-delay-based

temperature range of -4Q to 85 C.

Fig. 18 and Table | compare this work against prior statefs]

of-the-art on-chip RFX500 MHz) programmable delay ele-

ments. A shear horizontal surface acoustic wave (SH-SAW)
device [10] is also included in Table | for comparison to a

device which can achieve hundreds of ns of group delay bif!
which has no programmability. This work is the rst to achieve,
> 8 ns programmable delay at GHz frequencies with increases
of 58x in maximum delay achieved, 9x in area efciency,

and 4.5x in delay range. Delay atness at maximum delayg,
is nearly an order of magnitude improved compared to prior
art while gain, noise gure, linearity, and power consumption

are comparable. Comparing this work to an exemplary SAW
device which represents the method to achieve large group
delay in small size prior to the proposed method, this work®]
achieves a 25x increase in bandwidth, signi cant decrease
in delay variation, and only a 4x decrease in area ef ciengyo]
while enabling a 175.9x delay programming range and CMOS

integration.

V. CONCLUSION

A mixed-signal delay element approach employing a multi-
stage time-interleaved switched-capacitor technique was prey

sented. The approach employs switched-capacitor delay in le _ _ _
[ 8] V. J. Arkesteijn, E. A. M. Klumperink, and B. Nauta, “Jitter requirements

three stages with settling time enhancement in stage 2

reduce sample leakage and enable hundreds of ns of RF de-

lay on-chip. Non-overlapping clocks were employed between , .
[14] Z. Ru, N. A. Moseley, E. A. M. Klumperink, and B. Nauta, “Digitally

stages to prevent distortion from clock timing skew.

A 0.2-2 GHz RF delay element was demonstrated in a
45 nm SOl CMOS process. The implementation achieved a
programmable delay 2.55-448.6 ns at GHz frequencies white

achieving 330 ns/mfarea ef ciency. The delay element

breaks the<8 ns delay limit of prior art by over an order[16]
of magnitude while enabling similar improvements in delay
variation and delay range. The implementation can enalple]
signi cant miniaturization and capability enhancement in radar

tester, DRFM, signal repeater, and full-duplex systems.
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