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A Closed-Loop Reconfigurable Analog Baseband
Circuitry With Open-Loop Tunable Notch Filters

to Improve Receiver Tx Leakage and Close-in
Blocker Tolerance

Xu Cheng , Feng-Jun Chen, Liang Zhang, Hao Gao , Member, IEEE, Jiang-An Han , Jing-Yu Han,
Yang Yu, and Xian-Jin Deng

Abstract—This brief presents an analog baseband (ABB)
circuit in a 0.13 µm SiGe technology for transmitter leakage can-
cellation and close-in blocker suppressions in fully duplex (FD)
frequency-modulated continuous-wave (FMCW) radar. This ABB
comprises a programmable gain amplifier (PGA) and a cas-
caded LPF/Notch hybrid, which incorporates a closed-loop (CL)
reconfigurable low-pass filter (LPF) and an open-loop (OL) tun-
able notch filter. The adopted key topologies include active-R-C
bi-quads and Gm-C ones. In an FD FMCW transceiver, Tx leak-
age and close-in blockers are difficult to be eliminated in the
RF domain, especially when leakage/blockers are very close to
desired signals or even in-band in the frequency domain. This
LPF/notch hybrid is proposed to solve this issue. The LPF and
PGA provide bandwidth (BW)/gain programmability, while the
Gm-C bi-quad provides adaptable center frequency for a notch
filter. With this adaption, the notch filter could be adjusted
to match the leakage/blocker offset frequency. Thus, digitally
discrete programmability and analog continuous tuning capa-
bility are combined in this solution for improving the overall
front-end interference robustness without de-sensitizing the Rx.
Furthermore, the order of LPF/notch hybrid is programmable
from 2 to 10 with a step of 2 for different rejection levels of
interferences. The measured chip achieves a −3dB bandwidth
of 6 ∼ 21 MHz with 4-bit digital control and 1 MHz/step
programmability, and a voltage gain of 0 ∼ 70 dB with 9-bit dig-
ital control (3-bit from pre-amplifier, and 6-bit from PGA with
1 dB/step). With the condition of 15 dB gain, output P−1dB is
11.8 dBm@3MHz, and the output IP3 is 20.8 dBm@3MHz.

Index Terms—Analog baseband, fully duplex, FMCW, notch
filter, Gm-C filter, PGA.
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I. INTRODUCTION

THE TRENDS of higher data rates, lower latency,
longer communication distance, and multi-functionality

introduce new challenges in radio receivers. The most chal-
lenging issues could be concluded as in-band/near-band
interference and insufficient RF/analog filtering induced by
wideband receiver in Fig. 1. On one hand, when signal and
interference are located far from each other in a narrow-
band ABB, pure RF/analog filter is sufficient to attenuate
interference to a negligible level as depicted in the upper half
of Fig. 1. On the other hand, when signal and interference
are near to each other in a wideband ABB, traditional
RF/analog filter is insuffient as depicted in the lower half of
Fig. 1, especially when full-duplex (FD) or frequency devi-
sion duplex (FDD) standards are utilized [1]—[2]. Therefore,
the burden of interference elimination is placed upon the ABB
part in millimeter-wave Rx designs.

In a W-band FD FMCW system, the transceiver (TRx) trans-
mits a signal in the order of 10 dBm, while the received signal
is about −50 dBm. In this case, two most significant spurs near
DC-frequency are Tx-to-Rx leakage and bumper reflection [3].
In the former scenario, a down-converted self-interference in
the order of −30 dBm due to limited on-chip Tx-to-Rx iso-
lation (∼ −40 dB), is located at several tens of KHz offset
from DC. This self-interference signal is almost 20dB higher
than the desired signal received. Considering Rx gain, includ-
ing ABB, is typically higher than 50 dB, this down-converted
self-interference could reach a hard-clipped level and result in
Rx desensitization. Therefore, higher than 20dB interference
suppression is demanded in ABB filter design. In the latter
scenario, a reflection from bumpers could be down-converted
to several KHz offset from DC, and this power would be in
the order −40 dBm [3]. What is more, even order distortions
induced by mismatches in mixer and ABB even complicate
low frequency IF demodulations [1]–[2]. In short, suppres-
sion of in-band/near-band interference should be placed in
a high priority in ABB designs of W-band FD FMCW
systems.

Previous literature [1]–[2] and [10] proposed ABB notch
filters to prove its merits in both Tx leakage/blocker
suppression and Rx linearity improvement. However, 3 major
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Fig. 1. Signal spectrum across the Rx chain.

Fig. 2. Rx architecture with ABB LPF/Notch hybrid proposed.

problems remain unsettled: (1) blockers are assumed to
be more than twice the −3dB bandwidth of ABB, which
makes pure notch filtering suffice to meet ABB require-
ments. However, when blockers are located nearer between
once and twice the −3dB bandwidth of ABB or even in-
band, notch filters is not satisfactory and stricter filtering need
including low pass filter (LPF) and high pass filter (HPF)
emerges. (2) current-mode notch filters are adopted in [1]
for potential higher linearity and thus, its power consump-
tion quadruples across the notch tuning range. In addition, the
linearity of a current-mode down-conversion Rx is a function
of the input impedance of TIA (Trans-Impedance Amplifier),
and therefore, high open-loop gain at blocker frequencies is
required as well [2], which not only increases overall power
consumption but also complicates design of notch filters.
(3) when high quality off-chip HPF is inserted between mixer
and LPF/Notch hybrid to suppress low frequency spurs as
depicted in Fig. 2, active mixer eases the design of HPF
and LPF/Notch hybrid. Although the idea presented here
can also be applied to current-mode topology with Q-factor
optimization, voltage-mode LPF/Notch hybrid is adopted in
this work with a note on off-chip HPF designs. In a W-band FD
FMCW TRx, a basic rejection requirement of −70dB@1KHz
and −40dB@100KHz prefers a truly high performance HPF
while the values of inductors and capacitors make a complete
one-chip ABB solution impossible in Fig. 2.

On the basis of a high quality off-chip HPF, this work brings
an open-loop Gm-C notch filter into traditional closed-loop
ABB with the aim of larger than 20 dB interference rejections,
at 5 MHz offset from the −3 dB bandwidth corner of a pass-
band (20 MHz of 25 MHz). This novelty is based on the stable
frequency response of closed-loop topology and the frequency
tunability of open-loop one. In this idea, an architecture of

Fig. 3. 13th order Butterworth LPF prototype synthesis (single-ended).

on-chip LPF/Notch hybrids accompanied by PGA is proposed
in this work, as described in orange in Fig. 2. In order to
eliminate in-band/near-band interference, HPF and LPF/Notch
hybrids are introduced to achieve adequate filtering. With the
help of accurate notch location in this hybrid way, higher
interference rejection is achieved than an LPF-only solution.
Afterwards, PGA amplify both signals and interference with-
out much nonlinearity, and the signal amplitude meets an ADC
front-end’s full swing requirement. In addition, the LPF/Notch
hybrid improves both the intermodulation distortions and the
overall ABB linearity. The structure of the rest of paper is
organized as follows. Section II presents the analysis of an
ABB architecture, including its concept and frequency behav-
ior. Section III provides the implementation and measurement
results of this ABB prototype. Conclusions and comparisons
are drawn in Section IV.

II. ABB ARCHITECTURE

In this ABB chipset, an LPF-first architecture with an
embedded programmable 3-bit low noise pre-amplifier is
applied [4]. There are two working modes: the first one is the
low noise mode, and another is the high suppression one. In
the former mode, the interference is less critical while receiver
noise is the dominant issue. Thus, the pre-amplifier is turned
on to improve the ABB NF. Meanwhile, in the latter mode,
interference is the critical issue. Therefore, the pre-amplifier
is turned off to avoid linearity degradation and potential signal
saturation.

Considering of larger than 20 dB interference rejections
at 25 MHz offset frequency, an LPF synthesis is conducted
with a Butterworth prototype due to its maximum in-band
flatness [9] as shown in Fig. 3. This on-chip programmable
LPF can be realized via 4 major techniques: (a) switched-
capacitor LPF; (b) passive R-L-C LPF; (c) active-R-C LPF;
(d) Gm-C LPF. Switched-capacitor LPF is not adopted for
its discrete-time characteristics, which needs an on-chip non-
overlapping clock generator, and passive R-L-C is not applied
due to its large area overhead. Active-R-C LPF has its advan-
tage on stable frequency response over process, voltage,
temperature (PVT) variations while Gm-C LPF has its advan-
tage on wide tunability and high frequency potential. As is
known, every active-R-C bi-quad needs 1 operational ampli-
fiers (OPAMP) while every Gm-C one needs 2 operational
transconductance amplifiers (OTA, or Gm cell) regardless of
the automatic tuning circuitry [8]. When the synthesized 13th

order Butterworth LPF prototype in Fig. 3 is transformed into
active-R-C one and Gm-C one, 6 OPAMPs and 12 OTAs are
needed respectively . Thus, the total chip area of active-R-C
LPF is relatively smaller than that of Gm-C topology despite
the actual topology of OPAMPs or OTAs. However, active-R-
C LPFs could not support continuous frequency adjustability
to respond to dynamic leakage/blockers. Therefore, active-
R-C topology is adopted in the main signal path for stable
frequency response over PVT corners while Gm-C one is uti-
lized as an auxiliary path for adequate blocker’s suppression,
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Fig. 4. ABB architecture with detailed sub-block schematics.

which not only meets various application scenarios but also
saves area from a holistic view.

The simplified on-chip ABB architecture is plotted in the
orange bracket of Fig. 2 and further expanded in Fig. 4 with
detailed schematics of LPF/Notch hybrid and PGA. The LPF is
composed of 5-stage bi-quads which includes a programmable
2nd-order LPF and tunable 2nd-order notch filter. The PGA is
composed of 3 cascaded closed-loop OPAMPs with a maxi-
mum voltage gain of 63 dB and a minimum step of 1 dB. Low
dropout regulator (LDO) and bandgap with electronic trimmers
are incorporated to increase the PVT robustness of core cir-
cuits while register banks and I2C interface are brought in to
facilitate the digital control.

A. Programmable LPF/Notch Hybrid

In Fig. 4, the pre-amplifier used the ratio of R2/R1 to set the
voltage gain while the LPF used the ratio of R4/R3 to set the
voltage gain and C1 to set the bandwidth. From a transistor-
level perspective, the introduction of notch filter worsens the
input-referred NF by 1 ∼ 2 dB while the rejection at 25 MHz
increases by 4 ∼ 5 dB for every notch bi-quad brought in.
In addition, the ABB NF deterioration is relieved by previous
Rx front-end circuitry (including LNA and mixer) power gain
which is typically higher than 20 dB (voltage gain is typically
5 ∼ 10 dB higher). Therefore, the actual NF deteriorations is
negligible from a systematic view [1]–[2].

The gyrator-based notch filter is drawn in the blue bracket
of Fig. 4 and redrawn in Fig. 5 with LC resonating tank on
the upper half and the trans-conductance (Gm) cell schematic
(Gm1/Gm2) in the lower half. The active inductor is a gyrator
which is shown in the upper right corner of Fig. 5. The notch
tuning is achieved with the help of C2 and trans-conductance
Gm1/Gm2 tuning. Assuming Gm1/Gm2 has a trans-conductance
Gm1/Gm2 and output conductance Go1/Go2. The gyrator induc-
tance Lgyr, series resistance Rgyr, notch frequency ωgyr and
input impedance Zin in Fig. 5 are derived in (1)-(4).

Lgyr ≈ C2/(Gm1 · Gm2) (1)

Rgyr ≈ 2 · (Go1 + Go2)/(Gm1 · Gm2) (2)

ωgyr ≈ √
(Gm1 · Gm2)/(C2 · C3) (3)

Zin ≈ 2/(ω · C3) + (2ω · C2)/(Gm1 · Gm2)

+ 2 · (Go1 + Go2)/(Gm1 · Gm2). (4)

Thus, the notch depth can be approximated [1] as:

Notch depth ≈ R3/Zin. (5)

Fig. 5. Tunable active inductor realization.

Fig. 6. Post-simulated LPF/Notch hybrid gain curves with notch frequency
moving.

In notch filter designs, a fundamental tradeoff between fil-
ter impedance and power consumption exists and reduces the
power efficiency. In order to sink most of the interference
signal, the notch impedance should be much lower at the
interference frequency, and thus, the Gm cells would consume
more power. According to (3), (4), (5), a larger C3 and smaller
C2 lead to lower Zin and higher notch depth while C2 and C3
are inversely related to ωgyr. Therefore, there exists a meticu-
lous tradeoff between notch depth and notch frequency, which
leads to a demand on both broad and fine tunability, as shown
in Fig. 6. Since pure digital programmability or analog tuning
is not enough to both accommodate tuning range and PVT
robustness, a 10-bit DAC is utilized in the Gm tuning with its
unit current reference tunable, which is described as Ibias in the
lower half of Fig. 5, where a 4-bit programmability is adopted
in C2 tuning. Thus, the notch filter frequency is designed to
be broadly adaptable.

Previous literature adopted Nauta-cell or its modifica-
tions to implement the Gm cell for its simplicity and
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Fig. 7. Tunable active inductor realization.

Fig. 8. ABB IM3 improvement with notch frequency tuning when
ABB output power is set to be 0 dBm. (a) IM3 simulation condition;
(b) IM3 improvement v.s. notch frequency.

modularity [1]–[2]. However, its voltage tuning port is lim-
ited to the power supply. Therefore, the power supply rejection
ratio (PSRR) is low, and power consumption varies a lot across
the tuning range. In addition, sufficient power supply filtering
is a prerequisite in Nauta-cell based Gm-C filter designs. In
this design, adaptive source degeneration topology is utilized
in Gm cell designs for its high linearity, acceptable power
supply rejection ratio and PVT robustness as shown in the
lower half of Fig. 5. The common-mode feedback (CMFB)
is implemented in every Gm cell for the overall filter stabil-
ity. The post-simulated LPF/Notch hybrid gain curves with
notch tuning are shown in Fig. 6. The hybrids consume
5 ∼ 10 mA@1.8 V supply from the post-simulation and pro-
vides a programmable bandwidth from 6 to 21 MHz with
1 MHz step. The input-referred root-mean-squared (RMS)
noise voltage is 110.3 nV/√Hz, the OP1dB is 15 dBm@5 MHz,
and the OIP3 is 23.5 dBm@5 MHz with intermodulation offset
frequency at 100 kHz.

B. PGA Design

PGA utilized a 3-stage closed-loop cascaded topology as
shown in Fig. 4. The first stage is with a 1-bit control of
32/0 dB gain. The second one is with a 2-bit control of
24/16/8/0 dB voltage gain. The third one is with a 3-bit
control of 7/6/5/4/3/2/1/0 dB voltage gain. Considering the
interference robustness issue, the OPA is a rail-to-rail fully
differential amplifier with CMFB for its large signal handling
ability, as shown in Fig. 7. A simplified schematic of the fully
differential amplifier is shown in Fig. 7 with bias generation,
OPAMP core and CMFB. The input and output common-mode
voltages of this amplifier are set at half of the supply voltage.
The sizes of the main amplifying transistors are optimized
for DC offset and noise figure. With a voltage gain of 63dB,
a 20mV DC offset is added to differential signals of 10µV
to be input to the PGA with less than 5mV DC offset at

Fig. 9. ABB IC photograph and measurement results. (a) ABB IC
photograph; (b) LPF gain curves with 4-bit digital codes when notch is on
with Ibias = 272 µA; (c) ABB gain curves with filter order 2/4/6/8/10 when
notch/PGA is off; (d) ABB gain curves with 6-bit digital codes when notch
is off, LPF control codes are 0001 and pre-amplifier control codes are 0000.

the PGA output ports. The PGA consumes 6.5 mA@1.8 V
supply and provides a programmable voltage gain from 0 to
63 dB in 1 dB step. The input-referred RMS noise voltage is
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TABLE I
STATE OF THE ART COMPARISON

131.1 nV/√Hz, the OP1dB is 16 dBm@5 MHz, and the OIP3 is
24.1 dBm@5 MHz with an intermodulation offset frequency
of 100 kHz.

C. Linearity Improvement

In order to verify linearity improvement of the ABB chip,
a two-tone simulation was performed with the IM3 frequency
at 9.9/10.2 MHz. The simulation shows an improvement of
10 ∼ 41 dB over the frequency range of 20 ∼ 100 MHz
(see Fig. 8), which is in accordance with the OIP3 improve-
ment of the ABB IC. When notch movers close to the signal,
IM3 improvement drops since the input impedance drops in
(4) [1]–[2].

III. IMPLEMENTATIONS OF THE ABB

The ABB chip is implemented in an in-house 130-nm SiGe
BiCMOS technology with a core area of 1.2 × 1.8 mm2 (as
shown in Fig. 9 (a)). A 6-bit PGA with DCOC, a 10th order
4-bit LPF/Notch hybrid, a 3-bit pre-amplifier, power supply
management, register bank and SPI are integrated on chip
to facilitate the practicality of the whole chip. The measure-
ment results with the help of FR-4 PCB wire-bonding are
shown in Fig. 9 and listed in Table I. More than 20 samples
were fully tested with similar results. A notch bias current of
272 µA is selected to ensure the close-in blocker suppression
and the LPF gain curves are programmable with 4-bit con-
trol as shown in Fig. 9 (b). A suppression of around 22 dB
is clearly observed when notch frequency is at 25 MHz. The
LPF order programmability is illustrated in Fig. 9 (c) while
the PGA gain curves with 6-bit control are given in Fig. 9 (d)
with notch off.

IV. CONCLUSION

Targeting at adaptable and acceptable in-band/near-band
interference suppression, this briefing proposed an ABB cir-
cuitry with traditional closed loop LPF/PGA and novel open
loop notch filter. In this chipset, a LPF and a PGA provide
bandwidth (BW)/gain programmability, and the Gm-C filter
provides adaptable center frequency for a notch filter. With
the adaption, the notch filter could be adjusted to match the

leakage/blocker offset frequency. Thus, digitally discrete pro-
grammability and analog continuous tuning capability are
combined for improving the overall front-end interference
robustness without de-sensitive the Rx. Furthermore, the LPF
and notch filter order is programmable for different rejec-
tion levels. After a complete implementation in an in-house
SiGe process, programmability in bandwidth, gain, filter order,
and continuous tunability in notch frequency are simultane-
ously validated with increased flexibility, adaptability, and
reconfigurability in various multi-standard Rx.
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