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Abstract— The self-interference (SI) channels in full-duplex
(FD) radios have large nano-second-scale delay spreads, which
poses a significant challenge in designing SI cancelers that
can emulate the SI channel over wide bandwidths. Passive
implementations of high delay lines have a prohibitively large
form factor and loss when implemented on silicon, whereas active
implementations suffer from noise and linearity penalties. In this
work, we leverage time-interleaved multi-path switched-capacitor
(SC) circuits to provide large wideband delays with a small form
factor and low power (LP) consumption to implement RF and
baseband (BB) cancelers in an FD receiver (RX). We utilize
capacitor stacking to obtain passive voltage gain to compensate
for the loss of these delay elements, thus permitting an increased
number of interleaved paths and, hence, a higher delay. Further-
more, to reduce the RX noise figure (NF) penalty due to injecting
the cancellation signal into the receiver, we introduce a novel
low-noise trans-impedance amplifier (LNTA) architecture, which
injects the cancellation signal into RX and also accomplishes finite
impulse response (FIR) filter weighting and summation. The FD
receiver is implemented in a standard 65-nm CMOS process
and operates from 0.1 to 1 GHz. The RF/BB canceler delay
cells have real-/complex-valued weighting with delays ranging
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from 0 to 7.75 ns/0 to 85 ns while consuming 7.4- and 1.9-mW
dc power per tap, respectively. These large tunable delays enable
41-/38-dB integrated SI cancellation for 40-/80-MHz bandwidth
over 29-dB isolation provided by a CMOS circulator operating at
0.95 GHz. The canceler handles a transmitter (TX) power of up
to +10/+15 dBm in LP/high-power (HP) modes with 0.8-/2.8-dB
RX NF degradation.

Index Terms— Capacitor stacking, delay lines, full duplex
(FD), multipath switched capacitors (SCs), self-interference (SI),
time-domain equalization (TDE).

I. INTRODUCTION

F
ULL-DUPLEX (FD) wireless, where the transmitter (TX)

and the receiver (RX) operate at the same time and at the

same frequency, has the potential to double network capacity

at the physical layer while offering several advantages at the

higher layers [1], [2], [3], [4], [5], [6]. Over the last few

years, several integrated circuit (IC) implementations of FD

transceivers [7], [8], [9], [10], [11], [12], [13], [14], [15], [16]

as well as antenna interfaces supporting FD operation [17],

[18], [19], [20], [21], [22], [23], [24], [25], [26], [27] have

been demonstrated.

FD transceivers remain a significant challenge as they

require large levels of suppression of the self-interference

(SI) signal (>100 dB) leaking from the TX to the receiver.

To achieve this across a wide bandwidth, the SI channel must

be re-created across the entire bandwidth to generate a copy of

the SI from the TX signal. The large SI channel delay spreads

and the need for real-time canceller adaptation further exacer-

bate this challenge. SI cancelers based on frequency-domain

equalization (FDE) demand multiple widely tunable high-Q

filters, which are power hungry when implemented using N -

path filters [7], while those based on finite impulse response

(FIR)-based time-domain equalization (TDE) [12], [13], [14]

require large delays with fine resolution. In addition, support-

ing realistic antenna interface isolations of ≈20 dB requires

a low-loss canceler or a canceler with embedded gain, which

stresses canceler noise and linearity.

Obtaining compact nano-second-scale true time delays over

wide bandwidths to emulate the group delay of the SI channel
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Fig. 1. Block diagram and design tradeoffs of a typical RF SI canceler.

remains a significant challenge due to limitations on the

delay-bandwidth (DBW) product. Passive circuits, such as

transmission lines or LC-based delays, are impractical to

realize on ICs due to the large area associated with the

implementation and the associated loss [28]. Active on-chip

techniques for obtaining true time delays include RC-based

all-pass filters with active buffering [12], [13] and Gm-C-

based delay cells [12], [29], [30]. The delay offered by a single

RC–C R first-order all-pass filter section is τTap < (1/2π f ),

where f is the operating frequency. Cascading multiple such

elements is shown to result in a total delay of up to 250–350 ps

at 1.5–2-GHz frequency [12]. Using active Gm-C-based delays

in the RF canceler consumes high dc power of the order of

90 mW for a delay of 550 ps up to 2.5-GHz frequency when

implemented using a 140-nm CMOS process with 1.8-V power

supply [30]. Recently, N -path switched-capacitor (SC)-based

delays have been shown to provide large delays of the order

of nano-seconds over gigahertz-range frequencies [14]. While

the DBW product ideally increases with the number of parallel

paths [31], this leads to added losses due to higher switch

parasitics. Therefore, techniques to incorporate passive gain to

compensate for these losses without noise or distortion penalty

are of interest.

In [32], we introduced: 1) an N -path SC delay line

with stacked-capacitor voltage gain enabling nearly ten

nano-seconds of RF true time delay across a large BW (dc-

to-1 GHz); 2) a new low-noise trans-impedance amplifier

(LNTA)-canceler where the FIR weighting, summation, and

cancellation signal injection functions of the canceler are

absorbed into the LNTA; and 3) a closed-loop adaptation

algorithm leveraging analytical modeling of tap non-idealities

that reduces the computational complexity and data storage.

In this article, we expand on [32] by: 1) elaborating on the

design methodology and operation of capacitor stacking in

SC circuits; 2) explaining the detailed operation of the LNTA

canceler; 3) explaining the algorithms used to model the delay

taps and optimize the filter to provide maximum SIC; 4)

adding measurements using a CMOS-based circulator [33];

and 5) adding cancellation measurements using modulated

signals. The rest of this article is organized as follows.

In Section II, we describe the system-level analysis of different

tradeoffs experienced in time-domain cancellers. In Section III,

we describe the implementation of the designed chip introduc-

ing the concepts of capacitor-stacking in SC-based delays, the

LNTA canceler operation, and the optimization technique used

to program the delays. Section IV describes the measurement

results. Finally, Section V concludes this article.

II. SYSTEM-LEVEL ANALYSIS

Time-domain cancelers use multiple programmable true-

time-delay elements in parallel with tunable gains to realize

an adaptive analog FIR filter. To achieve SIC, the delays and

gains in these cancelers are chosen to realize a filter whose

frequency response matches that of the SI channel over the

desired bandwidth. Tapping a portion of the TX signal and

passing it through this filter results in a copy of the SI signal,

which can be subtracted from the received signal to selectively

suppress the SI portion of the received signal.

Fig. 1 shows the block diagram of a typical RF canceler.

The gain through the canceler path must equal the amount of

isolation, ISO, of the antenna interface to achieve SIC. The

gain through the canceler is the product of four components:

1) the coupling loss from the TX signal to the canceler CTX;

2) the insertion loss from the delay cells ILDelay; 3) the

gain of the injection circuit that couples the SI copy into

the RX G; and 4) an inherent loss in FIR filter combining

due to the shape of the filter LFIR. In an FIR filter, when

the various taps are summed together, since the phases of

the delay elements at a certain frequency need not be equal,

there is an additional loss associated with the canceler. For

instance, if we have two delay taps with distinct delays τ1 and

τ2, each with an equal gain of A/2, the sum of the delay

taps is |(A/2) exp(− jωτ1) + (A/2) exp(− jωτ2)|. Assuming

that the phase difference between the two taps follows a

uniform distribution between 0 and π , the expected value

across frequency is (A/
√

2) (which corresponds to the loss of

a 90◦ phase difference). Ideally, if the two taps are added with

the same phase, the magnitude of the summation would be A.

Hence, the factor of (A/
√

2) corresponds to an additional 3-dB

loss, which is the FIR loss. Extending this to K delay taps,

each with an equal gain of A/K to ensure that the sum of

gains remains A, the expected value of the sum of delay taps

is A/
√

K , which corresponds to a loss of 10 log K dB. Thus,

we see that enabling a higher number of taps results in a higher

loss. We denote this filtering loss as LFIR, which is dependent

on the gains and delays of individual taps and the frequency

range of operation. In general, the filtering loss increases with

the number of required taps, which depends on the shape

of the channel response to be canceled. To illustrate this,

we run simulations of canceler responses with 2–6 enabled

taps with a fixed delay. We assign arbitrary gains to the taps

by generating random numbers from a uniform distribution.
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Fig. 2. (a) Frequency responses of a canceler for N = 2–6 taps enabled with arbitrary gains with the dotted line representing the integrated FIR loss of the
respective solid line across the desired frequency range, (b) FIR loss versus number of enabled taps averaged across multiple random trials, and (c) maximum
variation in the filter response, defined as the difference between the maximum gain and the minimum gain in the given frequency range, versus number of
enabled taps averaged across multiple random trials.

The individual tap gains are then normalized to the total sum

of the tap gains to ensure that the sum of the gains in different

iterations, which determines the noise figure (NF) penalty,

remains constant. Fig. 2(a) shows one iteration of the canceler

response simulation for different number of taps, which is

obtained by summing the individual tap responses generated

by the aforementioned method. As shown in Fig. 2(a), the FIR

loss as well as the variation in the channel response increases.

Fig. 2(b) and (c) shows the FIR loss and the maximum

variation in the channel response, defined as the difference

between the maximum and minimum gain across the desired

frequency range, for different number of enabled taps averaged

across multiple random trials. From these figures, we observe

an increasing trend for the FIR loss and for the maximum filter

response variation as the number of taps increases, which is

in agreement with our understanding. Typically, wireless envi-

ronments with multiple reflections and higher delay spreads

tend to have higher variations in the magnitude response due

to the effects of multipath fading. Thus, the maximum filter

response variation is indicative of the ability to synthesize

more complex and rapidly varying channel responses as the

number of taps increases.

The total gain of the canceler can be represented as G −
ILDelay−CTX−LFIR. Hence, to ensure cancellation, we require

the injection circuit to have a gain of G = CTX + ILDelay −
ISO + LFIR. The noise added by the canceler into the receiver

is directly proportional to the gain of the output buffer, and

hence, we obtain

Canceler Noise∝G ∝ CTX ∝ ILDelay ∝ −ISO∝ LFIR. (1)

To reduce the NF degradation of the receiver due to the

canceler, the gain of the injection circuit must be reduced.

Increasing the coupling from the TX to compensate for the

reduction in the gain would worsen the linearity requirements

on the canceler and also compromise TX efficiency. Coupling

N dB more power into the canceler would increase the 3rd

order intermodulation products generated by the canceler by

3N dB while relaxing the gain requirement by only N dB.

For the same linearity performance, reducing the loss ILDelay

of the delay elements reduces the NF degradation of the

receiver due to the canceler. Compensating the loss by using

active transistors introduces additional noise and distortion

and increases the dc power consumption. Hence, passive

techniques to improve the gain of the delay elements without

added penalty in terms of noise and linearity are desirable for

reducing the NF degradation of the RX.

The amount of cancellation obtained from time-domain

cancelers is dependent on the delay resolution provided by

the taps as well as the total number of delay configurations

available (which determines the maximum delay obtained).

Fig. 3(a) shows the frequency response of a typical commer-

cial off-the-shelf (COTS) circulator terminated with a COTS

antenna, while Fig. 3(b) shows the impulse response of the

antenna interface, showing delay spreads of the order of 10 ns.

Fig. 3(c) and (d) shows the simulated amount of cancellation

obtained using time-domain cancellation with ideal delay taps

for different delay resolutions and total number of available

delay configurations for two different bandwidths of 40 and

80 MHz, respectively. These simulations were performed by

obtaining the individual tap responses based on the delay

resolution and the number of available delay configurations,

followed by optimizing the tap gains to minimize the residue

by using an in-built optimization algorithm in MATLAB.

Using 16 available delay configurations with a 250-ps reso-

lution, simulation results indicate that 60-/51-dB cancellation

can be obtained for a 40-/80-MHz bandwidth, respectively.

This cancellation will be obtained for any signal that occupies

the entire bandwidth with a frequency flat magnitude. In

general, we see that the SIC obtained is directly proportional

to the maximum delay that is provided by the canceler for

a given delay resolution. Since these results are obtained

using simulation results consisting of ideal taps with frequency

flat magnitude response and group delay, these might not

reflect exactly in measurement results as these assumptions

do not hold true in actual cancelers, as we see in Section IV.

Furthermore, the amount of SIC obtained strongly depends on

the profile of the SI channel. These simulations serve as tools

to see trends in SIC and to predict bounds for cancellation

for different delay resolution settings, which assists with

design choices. Since it is desired to have high total delay

and low delay resolution to obtain cancellation across wide

bandwidths, delay generation techniques capable of meeting

such requirements are favored.

III. IMPLEMENTATION OF THE FD RECEIVER

Fig. 4 shows the circuit diagram and the microphotograph

of the implemented chip consisting of a receiver with an RF

canceler and a baseband (BB) canceler. The receiver consists
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Fig. 3. (a) Measured SI channel across a commercial 700 MHz–1 GHz COTS circulator and antenna—magnitude response and (b) impulse response.
Simulated SI cancellation as a function of number of delay taps and delay resolution for (c) 40- and (d) 80-MHz bandwidth, respectively.

Fig. 4. Block diagram and chip microphotograph of the FD receiver featuring time-interleaved SC delay-based RF and BB cancelers implemented in a
standard 65-nm CMOS process.

Fig. 5. Circuit diagram demonstrating the operation of capacitor-stacking-based delay taps during (a) charging phase, (b) holding phase, and (c) discharging
phase. (d) Time-interleaved N -phase SC-based delay element using capacitor stacking.

of a dc-to-1 GHz partial-noise-canceling LNTA, followed

by a four-phase I/Q direct down-conversion mixer and a

baseband trans-impedance amplifier (TIA). The TX power

is coupled capacitively into the RF and BB cancelers using

digitally programmable off-chip capacitors, which can also

be incorporated on chip [34]. The RF canceler consists of
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Fig. 6. (a) Transistor-level implementation of an eight-path delay tap.
(b) Eight-path MUX operation with circles at the intersection of input and
output clock signals indicating switches that are turned on to obtain the desired
clock phases for the charging and discharging switches of the delay tap.

source-follower-based buffers at the input followed by one

zero-delay tap where the input is connected directly to the

output, five programmable eight-path SC low delay taps pro-

viding delays up to 2 ns over 1-GHz bandwidth when clocked

at 500-MHz frequency, and ten programmable 32-path high

delay taps providing delays up to 8 ns over 1-GHz bandwidth

when clocked at 125-MHz frequency. Source followers are

chosen to be input buffers as they have high linearity (P1dB

of +10 dB) and hence do not limit the cancelers linearity.

The RF canceler also utilizes the receiver’s LNTA to perform

FIR weighting, summation of the delay taps, as well as signal

injection into RX required for cancellation. The baseband

canceler consists of an I/Q direct down-conversion mixer

and a baseband TIA similar to the receiver, which brings

the capacitively coupled TX signal to baseband frequencies

and provides quadrature baseband outputs. The BB canceler

consists of similar eight-path SC delays, which provides up

to 80 ns of delay over >30-MHz bandwidth when clocked

at 10-MHz clocking frequency. The clock frequency of the

BB canceler can be changed to obtain a higher bandwidth

at the cost of lower delay. For higher bandwidths, we use a

20-MHz clocking frequency, which provides up to 40-ns delay

for >60-MHz bandwidth. The quadrature baseband signals can

be used to obtain complex weighting for these taps by passing

both components through their respective delay elements and

combining their currents using CMOS-inverter-based vector

modulators at the output, which also inject the cancellation

current at the RX mixer’s output.

A. RF Canceler

The RF canceler realizes an adaptive FIR filter using

multiple capacitor-stacking-based delay elements in parallel

with tunable gains. These delay elements directly interface

with the receiver’s LNTA to inject the desired current required

for cancellation at the RX. The working principles of the

capacitor-stacking-based delay element and the LNTA can-

celer are described as follows.

1) Capacitor-Stacking-Based Delay Element: Time-

interleaved multi-path SC networks have been shown to

exhibit different characteristics depending on the ratio of the

on-period of the switches to the RC time constant of charging

the capacitor. When the on-period is much larger than the time

constant, these circuits behave like a simple time-interleaved

sample and hold circuit. When the on-period is much smaller

than the time constant, a high-quality-factor comb filter (the

N -path filter) is seen at the switching frequency [35]. It has

been shown that a broadband delay beyond the DBW product

limit of LTI circuits can be obtained when the on-period and

time constant are of the same order [31]. By staggering the

clocks controlling the charging and discharging switches in

these networks by 1τ , a true time delay of 1τ is imparted to

the input signal. Delays based on this sample-hold-and-release

principle of time-interleaved multipath SC circuits can enable

large delays of the order of 1/ fs over a bandwidth of N fs/2,

where fs is the clocking frequency and N is the number of

interleaved paths.

However, switch parasitics and rise/fall time of the clocks

result in an increased loss, which compromises the power

handling of the delay elements and introduces additional noise.

We propose a capacitor-stacking approach to achieve passive

voltage gain in the canceler delay line, which preserves the

linearity and noise performance of the SC circuits. In this

scheme, multiple capacitors C1, . . . , CM are charged in paral-

lel from the input source during the charging (or sampling)

phase [Fig. 5(a)] where the switch is ON for a period of

TS,RF/N , storing the input voltage at time t0 on the capacitors.

This charge is held for time 1τ − TS,RF/N during the hold

phase [Fig. 5(b)]. During the discharging (or release) phase,

the capacitors C1, . . . , CM are stacked over each other and

connected to the output node such that the output voltage

equals the sum of the voltages on the individual capacitors

[Fig. 5(c)]. Hence, the output voltage during the discharge

phase is Vout(t) = MVin(t0), thus obtaining a voltage gain of

M . It should be noted that capacitive stacking only provides

a voltage gain and not a power gain. Hence, there is an

impedance transformation, leading to behavior that is similar

to that of a transformer. Thus, having more stacking stages

reduces the amount of load that the delay element can drive.

For the same load capacitance, the loss due to charge sharing

between the path capacitance and load capacitance increases

with the number of stacking stages. This limits the amount of

stacking possible while still maintaining an improvement in

gain. This effect exacerbates loss due to parasitic capacitance,
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Fig. 7. Tap gain of the SC-based delay taps with two-stage capacitor stacking and without capacitor stacking for (a) eight-path structure and (b) 32-bath
structure. (c) Normalized canceler gain with two-stage capacitor stacking and without capacitor stacking along with the input and output buffers. (d) Receiver
NF degradation assuming identical canceler gains with two-stage capacitor stacking and without capacitor stacking.

especially at higher frequency of operation. Stacking in SC

circuits to obtain passive voltage gain has also been shown in

the context of N -path filters [36], [37].

N such SC structures are connected in parallel with non-

overlapping 1/N duty cycle clock signals to increase the

sampling rate of the input signal and, hence, the DBW

product by a factor of N [Fig. 5(d)]. Using a single set

of N -phase clock signals for switches in both the charging

phase and discharging phase realizes discretized delays of

0, TS,RF/N , . . . , (N − 1)TS,RF/N . An analog multiplexer is

used to provide clock signals with programmable phases to

the switches. This enables all the five eight-path delay taps to

provide any of the eight possible delays and all ten 32-path

delay taps to provide any of the 32 possible delays. As shown

in Fig. 6(b), the analog multiplexer connects the input clock

signals to the clock signals controlling the charging and

discharging switches using RF switches, which can be pro-

grammed to select the desired clock phase. For the eight-path

delay tap, the charging switch is controlled by a 2-bit input

providing the phases φ0, φ6, φ4, and φ2 corresponding to

delays of 1τSW1 = {0,−2, −4, −6} × TS,RF8/8 and the

discharging switch is controlled by a 2-bit input providing

the phases φ0, φ1, φ2, and φ3 corresponding to delays of

1τSW2 = {0, 1, 2, 3} × TS,RF8/8. The delay of the tap is

the difference in the delays of the discharging and charging

switch 1τSW2 − 1τSW1 = {0, 1, 2, 3, 4, 5, 6, 7} × TS,RF8/8.

A similar MUX has been implemented for the 32-path delay

taps using 3-bit controls.

The two types of RF delay taps based on time-interleaved

stacked SC-based delays that have been implemented explore

the tradeoffs between delay and insertion loss: 1) eight-path

delay taps provide low delays and have lower insertion loss due

to lesser switch parasitics and 2) 32-path delay taps provide

higher delays for the same bandwidth but have higher insertion

loss due to large switch parasitics. Fig. 7(a) and (b) shows

the simulation results of standalone delay taps without any

loading, which indicates a +5- and +4-dB improvement in

the eight-path tap gain, and a +5- and +3.6-dB improvement

in the 32-path tap gain for low (0.1 GHz) and high (1 GHz)

frequencies, respectively, due to capacitor stacking. The small

ripple in the gain response of the delay elements is due to the

delay regime of operation of the N -path circuit [31]. Fig. 7(c)

shows the simulation results indicating improvement in the

overall canceler gain in the presence of load capacitance with

and without capacitor-stacking. We use a stacking ratio of 2×
to avoid being overly sensitive to load capacitance. Due to the

gain obtained by capacitor stacking, we can afford to reduce

the transconductance of the injecting circuit, which reduces

the NF. A K× increase in the gain of the delay element

can support a K× reduction in the transconductance of the

injecting circuit, thereby reducing the additional noise due to

the canceler by a factor of K . As predicted by theory, for the

equal overall canceler gain that is equal to the antenna interface

isolation, equal area, and equal power consumption, simulation

results indicate a 1.5-dB improvement in the NF degradation

of the receiver due to the RF canceler with two-stage capacitor

stacking at lower operation frequencies, which degrades as the

frequency increases, as shown in Fig. 7(d).

The implemented eight-path RF canceler taps are shown in

Fig. 6(a) (32-path implementation follows a similar approach,

but with 32 interleaved paths instead). The path capacitance

value depends on the load it drives [which is the gate capac-

itance M2 in Fig. 8(a)] and should be high enough to ensure

that there is not significant loss due to sharing its charge with

the load capacitance. We have a load capacitance of around

100 fF, and hence, we chose C = 1 pF, which results in an

effective discharging capacitance of 500 fF. While designing

the RF delay taps, there is a tradeoff between the ON-resistance

of the switch and the OFF-capacitance of the switch. The

additional loss due to the charging switch resistances is

equal to RSW/ROUT,SF, where RSW is the equivalent ON-

resistance of M11, M12, and M13, and ROUT,SF is the output

resistance of the source follower. The input switch sizes have

an optimal point for the least loss for a given RONCOFF of

the switch (which is usually a technology constant), which

can be found using parametric sweep of the switch sizes.

It must be noted that the optimal switch size needs not to be

the same for 32-path and eight-path implementations due to

there being a load of 32 switch OFF-capacitances for 32-path

implementations and only eight switch OFF-capacitances for

eight-path implementations. As shown in Fig. 6, the charging

switch sizes are lower for 32-path implementations to reduce

the capacitance. The output switches are sized to ensure that

there is enough charge transfer between the path capacitance

and the output buffer while not increasing the load capacitance

of the delay element significantly.

2) LNTA Canceler: The receiver front end uses a partial-

noise-canceling LNTA, which provides wideband matching

with low NF similar to [38] and [39]. As shown in Fig. 8(a),

the LNTA canceler consists of three sets of complemen-

tary transistors—M1 with M1N and M1P and combined

transconductance gm1, M2 with M2N and M2P and combined
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Fig. 8. (a) LNTA canceler performing RX matching, FIR weighting, summation, and injection of the SI cancellation signal into the receiver. (b) Small-signal
equivalent circuit of the LNTA canceler which is used in analysis and (c) its equivalent block diagram depicting the partial cancellation at the input followed
by additional gain from the tap responses to provide maximum cancellation.

transconductance gm2, and M3 with M3N and M3P and com-

bined transconductance gm3. We use K as the ratio between

gm3 and gm2 in our notation, and hence, gm3 = K gm2. This

topology results in partial cancellation of the noise of M1

and was adapted to include the canceler functionality. The

transconductances of transistors M1N, M1P, M3N, and M3P

can be programmed using a 7-bit control with each unit cell of

NMOS having a size of 10 µm/120 nm and of PMOS having

a size of 30 µm/120 nm.

A TDE-based FIR canceler requires FIR weighting, sum-

mation, and injection into the receiver to cancel the SI

signal. Our LNTA canceler can absorb these functions into

LNTA by splitting the CMOS inverter M2 into 16 inverter

pairs M2, 1, . . . , M2, 16 with 6-bit programmable trans-

conductances gm2,1, . . . , gm2,15 with the output of each delay

tap connected to the gates of these CMOS inverter pairs. Each

unit cell of NMOS has a size of 0.5 µm/280 nm and of PMOS

has a size of 1 µm/280 nm. Having a large number of unit

cells is required to obtain a fine resolution, whereas too many

cells would degrade the input matching due to the parasitic

capacitance of these transistors. We ensured that the input

matching of the LNTA does not go below 10 dB until 1 GHz

while deciding the number of unit cells to be implemented.

Though the addition of individual tap voltages is done

in the current domain within the LNTA canceler, we have

collapsed this summation into an effective cancellation voltage

VC , which drives an M2 (with transconductance gm2) for ease

of understanding the LNTA operation.

The small-signal equivalence of the NMOS half circuit of

the LNTA canceler is shown in Fig. 8(b). The PMOS transcon-

ductances are added to their respective NMOS counterparts to

perform the full circuit analysis. The looking in impedance

from the input port can be computed as

ZIN = K + 1

gm1
= Z0. (2)

To obtain input matching, the value of K and gm1 must be set

such that the aforementioned condition holds.

The output voltage VOUT is dependent on both the SI voltage

VSI and VC and can be computed as

VOUT = − K

2
VSI + K (K + 2)

2

gm2

gm1
VC . (3)

The output voltage in Fig. 8(b) can be computed as

VOUT = − K

2
VSI + K (K + 2)

2

16
∑

i=1

gm2,i

gm1
VTap,i (4)

where VTap,i corresponds to the voltage output of i th delay

tap. We see that the output voltage of each tap is weighted,

summed, and added to VSI at the output of the LNTA.

Similarly, the input voltage VIN can be computed as

VIN = 1

2
VSI − K

2

16
∑

i=1

gm2,i

gm1
VTap,i . (5)

SIC at the output can be achieved by satisfying the condition

K (K + 2)

2

16
∑

i=1

gm2,i

gm1
VTap,i = K

2
VSI. (6)

Under this condition, the residual SI at the input is

VIN = 1

2

2

K + 2
VSI. (7)

For K = 10, we see 16-dB partial cancellation at the input.

This can also be thought of as obtaining partial cancellation

at the input of the LNTA and additional cancellation at the

output of the LNTA. This is due to obtaining different gains

from the cancellation signal node (VC ) to the input and

the output of the LNTA and we tune the tap gains such

that maximum cancellation is obtained at the output. This

interpretation is shown in Fig. 8(c) where the additional gain to

the output of the LNTA is indicated by GSI. Here, GRX = −K ,

Ki = −K gm2,i/2gm1, and 2GSI = −2.

Assuming that the MOSFET noise current has a power

spectral density of 4kT γgm for a transconductance of gm , the

effective noise factor F of the LNTA is

F = 1 + γ
1

K + 1
+ γ

(K + 2)2

K + 1

gm2

gm1
+ γ

(K + 2)2

K (K + 1)

gm2

gm1

(8)

where gm2 =
∑16

i=1 gm2,i . To couple more power into the

canceler, gm2 must be increased, which increases the amount

of cancellation current injected into the RX. However, this

results in an increase in the NF of the receiver. Using (8),

for nominal settings of gm1 = 220 mS, gm2 = 20 mS, and
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K = 10 and assuming that γ = 1, we can find the baseline

NF of the RX as 3.83 dB, which is in close agreement to the

measurements (3.7 dB) described in Section IV. The added

noise power due to the RF canceler can be computed from the

output noise PSD of the RF canceler taps introduced due to the

delay elements and the source follower buffer and multiplying

it with the gain of the LNTA canceler from the output of the

tap to the RX input. Since the gain from the tap output is

dependent on the value of gm2, the added noise increases with

gm2. Furthermore, the value of gm2 imposes a sum constraint

on the weights associated with the RF canceler taps. Hence,

an increase in the weights of the canceler taps results in an

increase in the NF of the RX itself. The value of gm2 can be

increased to enable coupling less power into the RF canceler

from the TX without compromising the overall gain. Doing

this enhances the power handling of the RF canceler since the

amount of power at the delay tap input is reduced. However,

the increase in gm2 comes with an inherent baseline NF penalty

as well as the noise of the delay taps is amplified by a higher

amount. We operate our FD RX in two modes with different

gm2 values: 1) low power (LP) mode with a nominal gm2 of

20 mS having a baseline measured NF of 3.7 dB with a 0.3-dB

NF degradation due to the RF canceler handling −12-dBm SI

power referenced to RX input and 2) high power (HP) mode

with a nominal gm2 of 40 mS having a baseline measured

NF of 5.7 dB with a 0.3-dB NF degradation due to the RF

canceler handling −7-dBm SI power referenced to RX input.

We treat the baseline NF of the RX as that of the LP mode

and make our comparisons with this number (3.7 dB).

B. BB Canceler

The baseband canceler performs the second stage of cancel-

lation, which cancels the residual SI after the RF cancellation

and RX down-conversion. The baseband canceler uses similar

delay taps as the RF canceler based on SC circuits and

is identical to the one implemented in [14]. The required

bandwidth of the delay taps is equal to the cancellation

bandwidth, which permits the delay taps to be clocked at much

lower frequencies leading to much larger delays compared to

the RF canceler.

The TX signal is capacitively coupled into the base-

band canceler, which is followed by a four-phase I/Q direct

down-conversion mixer using the same clock as that of the RX

mixer. The I and Q paths are separately amplified by baseband

differential TIAs similar to those used in the receiver. The

four single-ended outputs from the TIAs, which correspond to

I+ (0◦), I− (180◦), Q+ (90◦), and Q− (270◦), are passed

through four sets of seven time-interleaved SC delay cells

following the same structure as the eight-path RF canceler

taps, but without capacitor stacking. Capacitor stacking is

not essential in the baseband cancelers as the residual SI

after the RF canceler is significantly low, which removes the

need for additional gain in the baseband taps. Operating at

baseband frequencies allows us to clock the delay cells at

a much lower frequency fs,BB = 1/TS,BB. A single set of

eight-phase clocks are used for the switches and are offset

by k phases for the kth delay cell, thus realizing discretized

fixed delays of TS,BB/8, 2TS,BB/8, . . . , 7TS,BB/8 for the seven

delay cells. A clock frequency of 10 MHz is used for lower

bandwidths up to 30 MHz providing up to 80-ns delay. The

clock frequency can be increased for higher bandwidths at

the cost of lower delays. All four phases of each delay

cell, along with the four phases of the output of the TIA

(which corresponds to an equivalent zero-delay tap), are passed

through vector modulators, which realize complex weights for

each of the baseband canceler delay taps. The outputs of the

vector modulators are added in the current domain and are

injected into the RX chain at the corresponding four output

nodes of the RX mixer to cancel the residual SI post-RF

cancellation. An additional zero-delay tap is implemented in

the baseband canceler as well. The baseband outputs from

the I/Q direct down-conversion mixer and baseband TIAs are

directly fed to the vector modulators without imparting any

delay to them to realize this zero-delay tap.

C. Optimization to Program the Delay Taps

Each RF canceler tap has two programmable parameters:

1) gain and 2) delay, which have to be set such that the

frequency response of the canceler matches the frequency

response of the SI channel with minimal error. Similarly, the

complex gains of the baseband canceler must be chosen to

minimize the residual SI. Denoting the frequency response

of the K th RF canceler tap for the delay setting τK as

HRFCan,K ( f, τK ), we obtain the frequency response of the RF

canceler HRFCan as

HRFCan =
16
∑

K=1

AK HRFCan,K ( f, τK ) (9)

where AK and τK are the gain and delay assigned to the K th

tap. Similarly, denoting the frequency response of the K th

baseband canceler tap as HBBCan,K ( f ), we obtain the

frequency response of the BB canceler HBBCan as

HBBCan =
8

∑

K=1

B̂K HBBCan,K ( f ) (10)

where B̂K is the complex weight associated with the K th

baseband tap. Denoting HSI( f ) as the frequency response

of the SI channel, we obtain the frequency response of the

residual SI after RF and baseband cancellation Hres( f ) as

HRes( f ) = (HSI( f ) + HRFCan( f ) + HBBCan( f )) . (11)

The residual SI power over a bandwidth BW must be

minimized to maximize the cancellation, and thus, the cost

function to be minimized in the optimization problem is

C =
∫

f ∈BW

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

HSI( f ) +
16
∑

K=1

AK HRFCan,K ( f, τK )

︸ ︷︷ ︸

HRFCan( f )

+
8

∑

K=1

B̂K HBBCan,K ( f )

︸ ︷︷ ︸

HBBCan( f )

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

2

d f.

(12)
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The cost function is a quadratic function in its optimization

variables AK and BK and is a non-polynomial function in τK .

If τK is fixed constant for each tap, the resulting cost function

can be solved by a constrained linear least-squares solver

as in [14]. The key difference in the optimization algorithm

required for this work is the ability to figure out the optimal

τK . To accomplish this, we split the optimization task into

two stages: 1) to figure out optimal delays to each tap and 2)

to assign optimal gains to taps. To accomplish 1), we assume

that 32 virtual RF taps are available corresponding to all of

the 32 delays denoted by τ̃1, . . . , τ̃32 and consider the cost

function

C̃ =
∫

f ∈BW

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

HSI( f ) +
32
∑

j=1

Ã j HRFCan( f, τ̃ j )

+
8

∑

K=1

˜̂
BK HBBCan,K ( f )

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

2

d f. (13)

We obtain the optimal gains corresponding to the 32 RF tap

delays and rank the delays in descending order of their respec-

tive gains Ã j . Note that τ̃ j is fixed in this case. We consider

the top 16 RF tap delays and assign these sequentially to the

available RF tap with the highest gain for each delay. Here,

only τ̃ j values for j < 8 can be assigned to eight-path taps,

whereas τ̃ j values for j ≥ 8 can only be assigned to 32-path

taps as these delays cannot be realized by the eight-path taps.

This fixes τK for each tap. The optimization problem now

reduces to (12), however, with τK being fixed and the only

variables being real-valued AK s and complex-valued BK s,

which leads us to the second part of optimization. We impose

a sum constraint on these variables as the sum determines the

total amount of transconductance of the output buffer, which

has a direct impact on the NF degradation due to the canceler.

After imposing the sum constraints on these variables to limit

the NF degradation, this problem is reduced to a constrained

linear optimization problem and can be solved using a convex

solver.

IV. MEASUREMENTS OF THE FD RECEIVER WITH FIR

FILTERING-BASED RF AND BB CANCELERS

The basic receiver measurements were performed with the

RF and baseband cancelers inactive and in the absence of any

SI signal. The wideband receiver exhibits a conversion gain

of 15–40 dB with a nominal gain of 24 dB across a wide

range of center frequencies from 0.1 to 1 GHz [Fig. 9(a)]. The

measured NF of the receiver is ∼3.7 dB from 0- to 15-MHz

offset baseband frequency [Fig. 9(b)]. In-band RX Output IP3

(OIP3) is measured to be +10 dBm [Fig. 9(c)] and Output

P1dB (OP1dB) is measured to be −1 dBm across various gain

settings [Input P1dB (IP1dB) increases/decreases by 6 dB as

the gain decreases/increases by 6 dB, this making the OP1dB

constant, as shown in Fig. 9(d)].

A. RF and Baseband Canceler Measurements

Fig. 10(a) and (b) shows the magnitude response and group

delay profiles of the eight-path RF taps present in the RF

canceler across seven different delay settings when clocked

at 500-MHz frequency. The eight-path RF delay taps exhibit

delays up to 2 ns with a low loss of −20 dB at low frequencies

(∼0.2 GHz), which degrades to −25 dB at high frequencies

(∼1 GHz). This is a decrease in the loss by a factor of 3–4 dB

compared to the simulation results shown in Fig. 7(c) and is

attributed due to the lower coupling factor in our implemented

circuit board and the added routing losses connecting multiple

taps to the LNTA, which has not been included in Fig. 7. This

loss includes the coupling loss and the loss introduced by the

LNTA canceler on top of the loss of the delay element itself.

Fig. 10(c) and (d) shows the tap-to-tap variation of the mag-

nitude response and group delay profiles of the eight-path RF

taps for the highest delay setting of 1τ = 7TS,RF8/8 showing

a magnitude variation of <4 dB across the entire frequency

range and <0.2 ns worst case group delay variation. Since the

optimization is done using actual tap measurements instead

of a dispersion-free true-time-delay model for the taps, these

variations are considered while finding the tap parameters. The

worst case gain flatness for any given 80-MHz range is <2 dB.

This translates to a deviation of −14 dB from a true-time-delay

element, which is the difference between the linear gains of

two taps that are 2 dB apart in a log scale. The flatness over

any <80-MHz band is sufficient for true FIR behavior, while

the flatness over dc-to-1 GHz is sufficient for reconfigurable

operating frequency.

Fig. 11(a) and (b) shows the magnitude response and group

delay profiles of the 32-path RF taps present in the RF canceler

across 11 different delay settings when clocked at 125-MHz

frequency, which is derived from the 500-MHz clocks of

the eight-path RF taps. The 32-path RF delay taps exhibit

delays up to 8 ns with a loss of −20 dB at low frequencies

(∼0.2 GHz), which degrades to −28 dB at high frequencies

(∼1 GHz). As with the eight-path RF tap, this loss includes the

coupling loss and the loss introduced by the LNTA canceler on

top of the loss of the delay element itself. We see ∼4-dB worst

case tap-to-tap gain variation across frequency in 32-path taps,

which is accounted for in the model used for optimizing the

tap gains and delays [Fig. 11(c)]. The tap-to-tap group delay

variation is negligible [Fig. 11(d)]. The worst case gain flatness

for any given 80-MHz range is <2 dB, which translates to a

deviation of −14 dB from a true-time-delay element.

Fig. 12(a) and (b) shows the magnitude response and group

delay profiles of seven baseband canceler taps when clocked

at 10 MHz, respectively. These delay taps exhibit delays up

to 85 ns with a −3-dB double-sided bandwidth of 34 MHz.

A higher canceler bandwidth can be obtained with a cost of

lower group delays by increasing the clocking frequency to

20 MHz as shown in Fig. 12(c) and (d), which provides a

delay of 45 ns with a −3-dB bandwidth of 61 MHz. The

large ripple in the group delay of the baseband canceler with

20-MHz clocking frequency occurs as increasing the clock

frequency pushes the N -path circuit closer to the filtering

regime, and hence, it starts resembling the response of an

N -path filter (with multiple periodic peaks). This can be

fixed by increasing the driving TIA’s transconductance, which

pushes the N -path circuit to the delay regime by reducing

the RC time constant of charging. Nevertheless, these delay
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Fig. 13. (a) Details of the joint RF canceller modeling where a cubic model is selected to fit every path on each tap for reduced memory space and
improved efficiency. Here, the cubic model is the one described in (14) and the quadratic model is its equivalent but with degree 2 in f τ . (b) Closed-loop
SIC calibration algorithm leveraging analytical modeling of tap nonidealities greatly reduces the computational complexity and data storage requirements of
the SIC optimization. (c) Comparison of cancellation performance obtained when using complete measured tap data versus using the analytical model, which
reduces memory space by up to 100×. (d) Performance of the iterative loop in obtaining RF cancellation.

Fig. 14. Measured SIC across antenna interface, RF, and baseband domains with (a) 0.4–0.5-GHz ferrite circulator, (b) 0.7–1-GHz ferrite circulator, and
(c) on-chip non-magnetic circulator tuned to operate at 0.95 GHz with a 50-� termination for 40-MHz bandwidth.

corresponds to a dc power consumption of 29.6–37 mW. The

rest of the cancellation is provided by the baseband canceler,

which consumes 1.9 mW per tap when clocked at 10 MHz.

B. Tap Modeling and Iterative Loop

The SIC performance relies heavily on the configuration

of the multistage SI canceller. There are several challenges

associated with achieving high SIC: 1) the large number

(>1019) of possible gain and delay configurations asso-

ciated with the 16 RF taps and eight BB taps; 2) the

fact that the frequency responses of the taps may deviate

from the ideal model in a practical IC; and 3) the error

incurred from the quantization of the configuration parameters

into 6 bits. To address these challenges, we propose and

implement a joint canceler modeling and optimization process

[see Fig. 13(b)] that efficiently solves for the configuration

parameters.

To achieve wideband SIC, we obtain the configuration

parameters (i.e., gains and delays) such that the canceler’s

frequency response matches that of the SI channel according

to the optimization problem in Section III-C.

In our experiments, HSI( f ) is measured using the vector

network analyzer (VNA) and fed to an in-built solver running

on a laptop to obtain the optimal parameters based on our

derived model fit for HRFCan,K ( f, τK ) and HBBCan,K ( f ),

as discussed next.

In the ideal case, the frequency response of the RF and BB

taps in (12) is given by H ideal( f ) = exp(−i2π f τ). However,

the practical IC implementation yields a non-flat magnitude
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Fig. 15. Measured integrated SIC across antenna interface, RF, and baseband domains with (a) 0.4–0.5-GHz ferrite circulator, (b) 0.7–1-GHz ferrite circulator,
and (c) on-chip non-magnetic circulator tuned to operate at 0.95 GHz with a 50-� termination for different bandwidths.

Fig. 16. (a) HP cancellation using HP mode demonstrating SIC at +10 and +15 dBm. (b) NF degradation of the receiver due to the cancelers in LP and HP
modes for different cancellation bandwidths. (c) TX power handling (P1dB) of the receiver with and without cancellation. (d) 47-dB SI suppression across
80 MHz is achieved when the 800-MHz circulator is terminated with a COTS antenna.

Fig. 17. (a) Measurement setup of the canceler, circulator, and sub-20 board
used to control the ICs. (b) Wideband cancellation using modulated TX signal.

response and a non-linear phase response across frequencies,

as shown in Fig. 13(a). To solve the canceller optimization

problem (12) accurately, we account for the non-idealities

by modeling HRFCan,K ( f, τK ) and HBBCan,K ( f ) using the

following polynomial:

H cubic( f ) = exp(−i2π f τ) exp(â+b̂ f τ ++ĉ f 2τ 2+d̂ f 3τ 3).

(14)

To fit each cubic polynomial to the corresponding mea-

sured frequency response, i.e., to obtain the complex-valued

coefficients â, b̂, ĉ, and d̂ for each RF and BB taps, we use

a nonlinear least-squares solver. Compared with storing the

comprehensive measurements of individual taps, storing only

the coefficients of the cubic model can reduce the memory

space by up to 100×. We see that this does not impact

the performance at all in Fig. 13(c). Furthermore, the time

limiting factor for the tap modeling is to obtain the tap

measurements itself for all the possible delay configurations

for each tap. We have one configuration for the zero-delay tap,

eight configurations for each of the five eight-path taps, and 32

configurations for each of the ten 32-path taps, which accounts

for a total of 361 configurations that have to be programmed

iteratively.

The in-built solver uses as input the measured HSI( f )

and the cubic models of each RF and BB tap to find the

optimal vector of gains and delays. Specifically, the solver

uses a gradient descent-based algorithm to iteratively update

the parameters g∗ [gn,k∀(n, k) in Fig. 13(b)], achieving SIC

performance, as shown in Fig. 13(d).

C. Small-Signal Cancellation Measurements

The aforementioned cancellation loop is leveraged to per-

form measurements for three different antenna interfaces, two

of which are COTS ferrite circulators operating at 0.7–1 and

0.4–0.5 GHz, while the third is an on-chip non-magnetic

circulator tuned to operate at 0.95 GHz [33]. Measurements are

performed with the antenna port terminated by a 50-� termina-

tion for obtaining nominal performance, with a commercially

available 650–950-MHz antenna (SPDA 24 700/2700) as a

more realistic SI channel.

Fig. 14(a)–(c) shows the cancellation measurements show-

ing the residual SI profile obtained using different circulators

operating at different center frequencies when terminated

with a 50-� termination for a bandwidth of 40 MHz using

continuous-wave signals. We obtain a total of 57-dB sup-

pression at a center frequency of 460 MHz with an initial

isolation of 22- and 65-dB suppression at a center frequency of

800 MHz with an initial isolation of 23- and 70-dB suppression

at a center frequency of 950 MHz with an initial isolation of

29 dB. Fig. 15(a)–(c) shows the cancellation measurements
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TABLE I

PERFORMANCE COMPARISON WITH PRIOR STATE-OF-THE-ART

across different bandwidths using the aforementioned circula-

tors. For a center frequency of 460 MHz, the total suppression

is 67, 57, and 43 dB across 20, 40, and 80 MHz, respectively.

For a center frequency of 800 MHz, the total suppression is

65, 65, and 54 dB across 20, 40, and 80 MHz, respectively.

For a center frequency of 950 MHz, the total suppression is

71, 70, and 67 dB across 20, 40, and 80 MHz, respectively.

We obtain >55-dB suppression for various antenna interfaces

for a wide range of bandwidths. Measurements performed

with the 800-MHz circulator terminated with a COTS antenna

indicate that we can obtain up to 47-dB SI suppression

across 80-MHz bandwidth, as shown in Fig. 16(d). Digital

cancellation adds an additional layer of cancellation that has

not been explored in this work, which can provide up to

50-dB cancellation [40], [41]. Using this, we can obtain a

total suppression of 100–120 dB, thus meeting the cancellation

requirements to suppress the SI signal much below the noise

floor of the receiver.

D. Large-Signal and Noise Measurements

The power of third and other higher order intermodulation

products generated by the RF and baseband cancelers depends

on the amount of power coupled from the TX. Coupling

lesser power from TX requires having a higher gain while

injecting the cancellation signal into the RX. We evaluate the

large signal and noise performance of the canceler for two

separate modes: 1) LP mode and 2) HP mode. In the LP mode,

we couple higher power from the TX, which results in higher

intermodulation products, and in the HP mode, we couple

lower power from the TX, which results in lower intermodu-

lation products. However, in the HP mode, we require higher

gain at the output and hence further degrade the NF of the RX.

The SIC measurements shown in Section IV-C were performed

using the LP mode and remain consistent across TX power

levels of up to +10 dBm (−12 dBm at RX input). For TX

power exceeding +10 dBm, we switch to the HP mode with

an additional 2-dB NF degradation. In the HP mode, a TX

power of up to +15 dBm (−7 dBm at RX input) can be

handled without compressing the RX. Fig. 16(a) shows that

58- and 60-dB SI suppression is obtained using the HP mode

at 460-MHz frequency for a TX power of +10 and +15 dBm,

respectively. Fig. 16(b) shows the NF degradation of the RX in

the presence of cancellation for both LP and HP modes. We see

that the NF degradation is <1 and <3 dB for a 40-MHz BW

for LP and HP modes, respectively, and <2 and <4 dB for a

80-MHz BW for LP and HP modes, respectively. Furthermore,

using the HP mode, Fig. 16(c) shows that the RX’s P1dB

for a TX signal excitation has improved by +22 dB upon

cancellation. We obtain an overall canceler measured IIP3 of

+20 dBm. The expected amount of RX P1dB improvement

should be close to the amount of RF cancellation obtained.

We obtain slightly less than that due to the partial cancellation

at the LNTA input, which worsens the TX induced RX P1dB.

To demonstrate realistic wideband cancellation, we per-

formed SIC using an orthogonal frequency division multi-

plexing (OFDM) TX signal with a BW of 20 MHz and
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peak to average power ratio (PAPR) of 10–12 dB using

on-chip non-magnetic circulator. We obtain a total of 61-dB SI

suppression with 28 dB obtained from the circulator and 33 dB

obtained from the RF and baseband cancelers [Fig. 17(b)].

The measurement setup of this experiment, showing both the

canceler and the circulator implemented on ICs, is shown in

Fig. 17.

Table I compares this work with prior state-of-the-art, with

higher delays being achieved in the RF domain, passive gain

in delay elements and output buffer integrated into the LNTA

resulting in a higher cancellation with better power handling

and noise performance. Compared to the prior TDE (FDE)

cancelers, we achieve 15-dB (25 dB) higher SIC for similar

fractional BW and +6-dB (+1 dB) higher TX power handling

with 1.1-dB (0.7 dB) better overall NF. Our chip area is

considerably higher than most other works. This is mainly

due to the large number of taps (16) and the large amount of

delay within the taps (ten taps with up to 7.75-ns delay and

five taps with up to 1.75-ns delay) that have been implemented

on the chip. The increase in our area is not as significant as

the increase in the total amount of delay that can be produced

using this chip.

V. CONCLUSION

This work utilizes SC circuits to obtain large nano-second-

scale on-chip delays over wide bandwidths with small form

factor to realize delay elements used for time-domain SI can-

cellation for FD wireless systems. Capacitor stacking is used to

provide passive voltage gain, which improves delay line inser-

tion loss and canceller power handling and NF degradation.

The concepts described in this article were demonstrated using

a prototype FD receiver with integrated RF and BB cancelers

in a standard 65-nm CMOS process. The 16-tap RF canceler

with time-interleaved capacitor-stacked eight-path and 32-path

SC networks achieves programmable delays ranging from 0 to

7.5 ns. The eight-tap BB canceler achieves delays ranging from

0 to 85 ns and has gain and phase control for each tap. Through

these cancelers, we obtained 41/38 dB of cancellation across

40-/80-MHz bandwidth on top of 29-dB isolation provided by

a CMOS circulator operating at 0.95 GHz. The canceler can be

operated in an LP mode with a low NF degradation of 0.8-dB

handling +10-dBm TX power or in an HP mode with a higher

NF degradation of 2.8-dB handling +15-dBm TX power.
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