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Abstract— A single-antenna, frequency-tunable FDD
front-end supporting simultaneous transmit (TX) and receive
(RX) operation with high power handling capabilities and
low TX and RX losses is presented. The system comprises
a balanced CMOS N-path receiver in series with tunable
evanescent-mode filters, and leverages frequency-selective
reflectivity and matching for quadrature signal construction and
self-interference cancellation at corresponding ports of interest.
A measured 65 nm CMOS receiver prototype with manufactured
cavity filters demonstrated 38 dBm blocker tolerance (B1dB)
around 1 GHz at 100 MHz TX—RX spacing with no RX EVM
degradation, < 0.4 dB TX insertion loss, and 3.5—4.5 dB RX NF
over 0.9—1.8 GHz tunable frequency range.

Keywords — Evanescent-mode cavity filter, frequency-division
duplex (FDD), interference cancellation, N-path mixer.

I. INTRODUCTION

Modern wireless communications standards, such as
the 5G new radio (NR), define significantly denser
multi-band operation relative to 4G, requiring advanced
frequency-division duplexing (FDD) systems for flexible and
agile spectrum utilization. However, incorporating frequency
tunability into the FDD front-end is typically associated
with increased insertion losses (IL) and poorer TX—RX
isolation. Self-interference cancellation (SIC) approaches that
enhance initially relaxed TX—RX coupling scenarios have
been reported [1], and in [2], [3], tunable diplexers with SIC
were proposed. In all these techniques, cancellation bandwidth,
IL, noise figure (NF), and antenna VSWR coverage remain
major challenges.

Many of the above challenges may be circumvented
by incorporating digital cancellation approaches. In [4], a
diversity receiver assisted by an auxiliary noise-canceling (NC)
path with baseband processing was proposed, and in [5], a
balanced receiver providing high integration and low loss for
a single-antenna interface with digital baseband interference
cancellation was introduced. However, both [4] and [5] exhibit
limited power handling and linearity performance.

This paper presents a single-antenna, frequency-agile
FDD front-end comprising a combination of tunable
evanescent-mode filters and an integrated, balanced CMOS
N-path receiver assisted by a digital interference cancellation
algorithm. Incorporating high-Q and high-power tunable filters
in the RX path unlocks high power handling capabilities of a
CMOS-based receiver for applications that are less sensitive
to the radio head’s size, such as cellular base stations.
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Fig. 1. (a) Top schematic of the proposed FDD transceiver, (b) N-path mixer
schematic with its clock timing diagrams, (c) behavioral plots of the N-path
input impedance and return loss.

II. SYSTEM ARCHITECTURE AND OPERATING PRINCIPLE

The proposed receiver front-end is shown in Fig. la.
It consists of two CMOS N-path receivers, as in Fig. 1b,
interfacing a quadrature hybrid via frequency-selective and
tunable evanescent-mode filters. The TX port and the antenna
are connected to the hybrid’s other two ports. We leverage the
frequency-selectivity of the N-path mixers’ input impedance
(see Fig. lc) to create initial TX-RX isolation, which is
enhanced by the tunable evanescent-mode filters that also
increase the system’s power handling capabilities.

A. TX Band

The TX band can be selected anywhere on the spectrum
in the stop-band of the tunable filters, in which they present
high input impedance. This stop-band impedance is further
enhanced by the cascade of the filters with the low out-of-band
(OOB) input impedance of the N-path mixers, as will be shown
in Section III, creating a strong impedance mismatch and high
reflectivity. TX signals departing from the quadrature hybrid’s
TX port reflect at the filters interface and reconstruct in-phase
at the antenna with minimal insertion loss.
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B. RX Band

In the RX band, the mixers are designed to show input
impedance matched to the antenna impedance, while the
bandpass filters’ pass-band is tuned to the RX band. As
a result, RX signals entering the system from the antenna
are absorbed in the matched receivers and reconstructed in
quadrature in the digital baseband. TX noise in the RX band
is also absorbed in the receivers and cancelled out in the digital
baseband by the same quadrature mechanism regardless of the
antenna VSWR. Consequently, antenna VSWR impact on RX
NF is minor, even for high antenna reflection and realistic
N-path return loss.

III. ANALYSIS OF THE EVANESCENT-MODE FILTER AND
N-PATH MIXER INTERACTION

The main target in employing cavity filters with CMOS
N-path mixers is to achieve OOB linearity better than 30 dBm
at around 100 MHz offset from the RX frequency for 20 MHz
signals. The N-path was designed to tolerate up to 10 dBm
OOB TX blocker, and together with the cavity filter’s rejection
at 100 MHz offset of at least 20 dB, the design target can be
met.

The cascade of the cavity filter and the N-path OOB
impedance yields a combined filtering response. To evaluate
the effect of the N-path loading on the cavity filter compared
to a Zy load, we write the power delivered by the filter, having

an output impedance Zy;iter out, to a load Zp:
2
po_ (Vo 5t )
277,
where V,y is the voltage across Zr. The power difference
between an N-path load of Z;, = Rgw and a Z, = 50 € load

can be calculated by substituting each of these impedances in
(1) and taking the ratio:

Rsw
50

For RSW,50 Q< Zﬁltcr,out’ we get A-Pout ~ RSW/50
The N-path standalone OOB rejection in a system with a
characteristic impedance of Z; is given by:

Zy Rsw
Rsw Rsw + Zo

Substituting  Z 50 Q and assuming Rgsyw < Zj,

equation (3) reduces to S21 npatn = 24/ Rsw /50. Therefore,
the improvement in the cavity filter’s OOB rejection when

interfacing an N-path impedance of Rgw = 4 Q (as of the
N-path in our system) instead of 50 €Q is:

AOOB = dB2y(521,Npath) — dB10(APoy) ~ 6 dB

Z

ey

Zﬁlter,out + 50

AP, =
out Zﬁlter,out + RSW

@)

3

S21,Npath = 2

“

The cavity filter was designed to show high impedance
between 1—2 GHz, and specifically very high impedance just
besides the pass-band, as shown in Fig. 2(a). The improvement
in OOB rejection due to the low N-path impedance in series
versus Rgy and frequency is shown in Fig. 2(b)-(c). These
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Fig. 2. (a) Measured cavity filter input impedance, (b) cavity filter OOB

rejection improvement versus Rgyy and (c) frequency.
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Fig. 3. (a) 3D layout of the two-pole evanescent-mode tunable filter, (b)
equivalent circuit, and (c) cross-section.

figures consider a more realistic calculation based on the
actual filter and N-path S-parameters measurements, showing
a 5.3 dB improvement at a 100 MHz offset.

IV. TUNABLE BANDPASS FILTER IMPLEMENTATION

To simultaneously meet the design requirements for low
in-band insertion loss, high OOB rejection, wide harmonic
suppression, high power handling, and octave tuning range,
high-Q two-pole bandpass filters (BPF) were designed and
manufactured using evanescent-mode resonators [6], [7], [8].

Fig. 3 shows the 3D layout and equivalent circuit of
the two-pole evanescent-mode BPF design. A capacitive post
loads a high-Q cylindrical waveguide cavity, lowering the
resonance frequency of the fundamental TMy;o mode with
minimal impact on the second-order TM;;yp mode, providing
both miniaturization and wide spurious-free bandwidth [9].

A flexible metalized membrane above the post provides
a wide tuning range by adjusting the gap g. New Scale
Technologies M3-LS microactuators are used for the present
embodiment to adjust the membrane’s height, with high
resolution of 0.5 pym [10]. An inductive iris is formed between
two evanescent resonators, providing inter-resonator coupling
for a two-pole BPF response. External input/output coupling
is provided by the flanged SMA pin extending through the
cavity’s side and touching the post.

V. DIGITAL TX NOISE CANCELLATION IN THE RX BAND

The algorithm for TX noise cancellation in the RX
band uses measurements of the in-phase and in-quadrature
TX-to-RX transfer functions (TF) and calculates their inverse.
Since transfer function calculation is only valid in LTI
systems, we inject the reference TX signal, xfe}; (t), with low
input power to ensure linearity and set its center frequency,



fe» similar to the RX center frequency. The time-domain
IQ outputs, yf . (t) and y<.,.(t), are normalized and
time-aligned. After performing FFT, the inverse TFs are:

(Y,{ormm)_l | (Y&W)) s
Xrer () Xrer ()

These TFs are then used to cancel the TX noise in the
RX band during simultaneous transmission and reception in
FDD mode. The combined signals, comprising the desired RX
signal and the TX noise signal, denoted by YL'" " (f) and

norm joint
Yj%mt (f), are multiplied by the corresponding inverse TF.
Then, RX signal reconstruction and TX noise cancellation are

achieved by the following subtraction:
-1
(f)) ©

<f>> . N (Yn%m
D\XE 0

(t)' YTLIO’I‘WL
X5
Next, we implement an equalizer based on peak correlation
and channel impulse response for accurate RX demodulation.

norm

1
Qrorm
Joint -Y

Joint

VI. MEASUREMENTS

The measurement setup is shown in Fig. 4. It consists of
a 65 nm CMOS chip comprising two N-path mixers [11].
The chip is attached and wire-bonded to an FR4 PCB and
connected through the tunable filters to an Anaren 1H0565
quadrature hybrid. The TX path employs a Qorvo QPD1004
GaN PA and a Mini-Circuits PHA-202+ driver. An Agilent
N5182B Signal Generator and a Keysight M8190 AWG were
used to transmit 16-QAM, 10 MHz TX and RX signals
into the systems, respectively. The LO signal to the N-path
mixers was injected using another Agilent N5182B Signal
Generator. The output TX signal at the antenna port was
coupled through a 10 dB directional coupler and recorded
using a Keysight N9040B Spectrum Analyzer, and the
baseband IQ RX data was sampled by a Keysight DSOS604A
Oscilloscope. A Keysight P9374A Network Analyzer was used
for S-parameters measurements. The filters’ actuators and the
CMOS chip configurations were controlled by a computer.

A. Standalone Tunable Evanescent-Mode Filter

A picture of the manufactured filter is shown in Fig. 4(c).
Fig. 5(a) plots the simulated and measured scattering
parameters with excellent agreement. The filter achieves a
tuning range from 0.8 to 1.8 GHz (2.35:1), with corresponding
gaps g from 192 to 670 pm, respectively. The in-band insertion
loss is below 0.41 dB across the entire tuning range, and
below 0.3 dB when tuned between 1 to 1.6 GHz. The OOB
rejection is greater than 22 dB at £100 MHz from f. across
the tuning range, and greater than 26 dB at tuning ranges
below 1.3 GHz. Fig. 5(b) shows a large spurious-free range
up to approximately 8.2 GHz. Power handling beyond 100 W
of an equivalent evanescent-mode filter has already been
demonstrated [6].
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Fig. 4. Setup (a) schematic and (b) photo. (c) Tunable filter photo.
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Fig. 5. (a) Measured and simulated scattering parameters (1S11! and 1S211)
of the tunable cavity filter across its tuning range. (b) Spurious-free range.

B. Combined N-path and Cavity Filter Response

The combined small-signal response of the N-path with the
cavity filter is shown in Fig. 6(a). TX IL < 0.4 dB and input
matching > 12 dB were measured across the tuning range.

Fig. 6(b) shows RX compression at 1 GHz versus TX
output power (B1dB) at 1.1 and 1.15 GHz. When the TX was
operated at 1.15 GHz, no RX compression was observed up
to the PA’s saturated power of 39 dBm at this frequency. For
1.1 GHz TX frequency, RX B1dB was 38 dBm, which can
be attributed to 10 dBm of N-path B1dB at 100 MHz offset,
25 dB of cavity filter rejection, and 3 dB power split at the
quadrature hybrid.

In the dynamic measurements, the TX signal was
transmitted at 25 dBm average power around 1.1 GHz in
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Fig. 6. (a) Measured combined response of the N-path cascaded to the cavity
filter. (b) Measured RX compression versus TX power.

Spectrum (dBm)

o
=]

-
o
S

-
e
o

a
N
o

-

W

IR-]
o
o

b,

me==TX-ON RX-ON CH1
====TX-OFF RX-ON CH1
= {req-flat equal.
=== chan. estim equal.

-5 0 5

10

4
* freq. flat-17 dB EVM
* chan. equal. -36.5 dB EVM
g g o g
¥ .
°, )

Frequency (MHz) |

(a) (b)
Fig. 7. Measured (a) RX spectrum and (b) constellation under TX signal
before and after TX noise cancellation in the RX band.

conjunction with a —40 dBm RX signal around 1 GHz,
such that the TX noise level roughly equals the RX signal
power. Fig. 7 shows the RX spectrum and constellation before
and after the digital TX noise cancellation algorithm. Before
applying any equalization, RX SNR is zero. Frequency-flat
equalization achieves limited noise rejection and poor RX
EVM of —17 dB, while full equalization based on channel
estimation, according to Section V, suppresses the entire TX
noise and fully recovers the RX signal with —36.5 dB EVM,
similar to a standalone RX signal with no simultaneous TX.

NF measurements are shown in Fig. 8. The filter and the
hybrid create a combined loss of roughly 0.4 dB, which is the
amount of NF degradation compared to the standalone balance
N-path receiver [11], meaning that the filter’s harmonic
impedance does not impact the N-path’s NF.

Table 1 compares this work with the state-of-the-art,
showing that an N-path receiver preceded by tunable
evanescent-mode filters can achieve the highest power
handling and B1dB along with the lowest TX IL and
competitive RX NF.

VII. CONCLUSION

A 09-1.8 GHz tunable FDD transceiver front-end
comprising evanescent-mode filters and a balanced 65 nm
CMOS N-path receiver was presented. The system supports
tunability over the entire frequency range and allows FDD
operation with as low as 100 MHz TX-RX separation with
degradation lower than 0.4 dB for both TX and RX paths and
TX average power levels higher than 25 dBm. Experimental
characterization with 10 MHz, 16-QAM signals demonstrates
successful RX signal demodulation and TX noise cancellation
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Table 1. Comparison Table

This work [3] [2] [5]

. Balanced N-Path . Switch Cap + | Balanced N-Path
Architecture RX+EMF" EMF*+SIC siC Mixer First RX
Freq. range 0.9-1.8 GHz 0.86-1.03 GHz | 710-970 MHz 0.75-2 GHz
ANT-RX NF 3.5-4.5dB 4 dB 5-7dB™ 2.8-5.8
TX-RX offset 100 MHz 50 MHz 110 MHz >200 MHz
TX-ANT IL 0.4 dB 1.6-2.2dB 4.6-8.4 dB >2dB
RX B1dB > 38 dBm - - 18 dBm
TX power at ek
RX EVM test 25 dBm 10 dBm 22 dBm 5 dBm

* Evanescent-mode filter ~ ** no LNA ok CW

in the RX band using signal processing algorithms in digital
baseband, making the proposed system a competitive candidate
for single-antenna FDD base-stations applications.
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