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ABSTRACT This article presents a fully-integrated Ku-band CMOS down-converter for the low earth
orbit satellite user downlink applications. To receive satellite signals adequately, a wideband receiver is
presented with an automatic in-phase and quadrature (I/Q) mismatch calibration to carry out above 40 dB
image rejection ratio (IRR) to the interferences within 2 GHz span concurrently. During the I/Q signal phase
adjustment, the proposed wideband 1/Q interpolator (IQI) exhibits almost a constant group delay over the
wide IF signal bandwidth, which alleviates the iterative calibration between multiple frequency points in
a wideband system. Also, the proposed wideband IQI has apparently less influence on signal amplitude
than the reported phase interpolator and delay cell while calibrating I/Q phase imbalance. This work utilizes
polyphase filters to fulfill on-chip image-rejection integration and exploits logarithmic power detector to
realize I/Q mismatch indication in automatic calibration. The receiver delivers a peak measured conversion
gain of 37.8 dB, an averaged noise figure of 6 dB, and below 1.5 dB gain variation within the full signal
band. Above all, the down-converter achieves not only high IRR performance but broad bandwidth at the
IF frequencies from 0.3 to 2.35 GHz (48-55 dB IRR, 150% fractional IF bandwidth) without any external
control, tuning, or assistance. The closest frequency proximity is no more than 0.6 GHz between the received
satellite signal and image. To the best of authors’ knowledge, this work demonstrates the highest fractional
IF bandwidth among the reported wideband CMOS receivers with high image rejection (IRR > 40 dB).

INDEX TERMS CMOS, low earth orbit (LEO) satellites, high image rejection, integrated circuit (IC),
RF down-converter, auto calibration, wideband, BIST, satellite communication (SATCOM).

I. INTRODUCTION

Low earth orbit satellite (LEO) is emerging as an essential
technology to provide lower latency, higher throughput, and
more flexible capacity than traditional geostationary orbit
(GEO) satellite in global broadband internet access. Owing
to the closeness and the short data paths, LEO-based net-
works show a similar latency to the existing terrestrial net-
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works, which makes it possible to provide users fiber quality
connectivity over a wide area through deploying satellite
constellation [1]. The system operators choose Ka-band for
gateway communications (17.8-19.3 GHz and 27.5-30 GHz
for downlink and uplink, separately). As shown in Fig. 1, Ku-
band is used for user links (10.7-12.7 GHz and 14-14.5 GHz
for downlink and uplink, respectively) [2], [3]. The satellite
RF signals can also be polarized into right-handed circular
polarization (RHCP) and left-handed circular polarization
(LHCP). This work focuses on the user downlink application
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FIGURE 1. Frequency allocation of LEO satellite user link.

and the full signal band includes eight of 250 MHz channels.
In addition to wide bandwidth, satellite receivers need to
suppress out-of-band interferers effectively. Since the out- of-
band interferers can be very large especially at 10-16 GHz
due to the Ku-band satellite transmitters, high power point-
to-point backhaul systems, and radar systems, the Ku-band
satellite system requires at least 40 dB IRR to assure the
received signal quality for data demodulation [4], [5], [6].
One way for the interferer suppression is to use off-chip
passive filters. Nevertheless, this increases the system cost
and the filter loss adds to the system noise figure. Therefore,
it is better to design a wideband receiver with integrated high
image rejection as addressed in this article.

Wideband integrated receivers with a substantial image
rejection (IRR > 40 dB) have been reported [7], [8], [9],
[10], [11]. Most wideband receivers employ the fixed and nar-
rowband intermediate frequency (IF) architecture to achieve
wide bandwidth by changing the local oscillator (LO) fre-
quency. Choosing a high IF frequency improves the image
filtering response in front-end circuit design. However, this
architecture makes it difficult to concurrently receive dif-
ferent satellite channels due to the narrow IF bandwidth.
Another disadvantage is the image-reject receivers requiring
high IF up to 8-16 GHz will demand a high-quality factor
(Q) channel-select filtering, which therefore increases the
subsequent demodulation circuit complexity. In [12], a pub-
lished wideband receiver integrates image rejection with a
wider and lower IF choice (IF: 2-5 GHz). The transformer-
based calibration-free receiver front-end utilizes cascaded
transformers for wideband high-precision quadrature LO
generation, and a two-stage RC-CR polyphase filter (PPF)
is used to complete the image rejection at the IF frequency.
Nevertheless, the reported receiver cannot satisfy the minimal
IRR of 40 dB within the full IF bandwidth.

This paper, which is an expanded edition of [13], presents
a low-IF wideband receiver with high image rejection.
By selecting suitable operating frequencies for the LO and IF
(LO: 10.4 GHz, IF: 0.3-2.35 GHz), the image can be appar-
ently suppressed after I/Q mismatch calibration without using
external filtering. The proposed wideband I/Q interpolator
greatly simplifies the wideband IF mismatch calibration. The
measured 150% fraction IF bandwidth (IRR > 40 dB) is bet-
ter than those of other reported wideband receivers with high
image rejection. This paper is organized as follows. Section I1
presents the proposed image-reject receiver architecture. The
detailed circuit operation principles and implementation are
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FIGURE 2. Topologies of wideband receivers with high image rejection.
(a) Traditional narrowband IF method. (b) Proposed wideband IF method.

described in Section III. Section IV provides the measure-
ment results, and Section V concludes this work.

Il. RECEIVER ARCHITECTURE

Fig. 2(a) presents the traditional monolithic receiver architec-
ture with a RF image-reject filtering. By choosing a high-IF
(8-16 GHz), the wideband receiver can integrate the fil-
tering within the low-noise amplifier (LNA) or the mixer
and achieves high IRR with minimum noise figure (NF)
impact. This topology requires the use of multi-band voltage-
controlled oscillator (VCO) to maintain the fixed IF. For
several GHz tuning range applications, a capacitor bank can
be added to VCO for a wide capacitance range. Nevertheless,
this method may occupy a large area and, together with
the on-resistance of the bank switches, result in a decreased
tank Q of the oscillator. Since most satellite systems adopt the
enhanced phase-shift keying (PSK) modulation schemes such
as 16 APSK or 32APSK, low LO phase noise is essential for
accurate signal demodulation. Also, the operating frequency
necessitates a higher IF-filter order for better Q in channel
selection. As shown in Fig. 2(b), a low-IF receiver with wide
IF bandwidth is proposed. An IF from 0.3 GHz to 2.35 GHz
is selected together with a wideband IF I/Q interpolator (IQI)
and a wideband integrated PPF for image-reject filtering.
The proposed IF IQI not only adjusts the signal amplitudes
but manipulates the signal phases over a wide bandwidth.
The mismatches of wideband down-converted I/Q signals
can be largely reduced after just single-frequency calibration,
which improves the circuit complexity and results in the
following PPF to sustain a good image rejection. A single-
band quadrature VCO (QVCO) of 10.4 GHz and narrowband
LO I/Q interpolator provide the receiver LO signals. The PPF
in IF sustains a high image rejection if the input I/Q signals
are balanced after calibration. Moreover, in the proposed
architecture, the IF is below 3 GHz and the demodulator
operating frequency and the IF- filter order can be relaxed.
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FIGURE 4. Block diagram of the proposed Ku-band down-converter with
automatic 1/Q calibration.

The IRR formula in [14] considers the I/Q errors of both
LO and IF ports in quadrature mixing. Fig. 3 depicts the
model to calculate the effects of the LO and IF compen-
sation on IRR. AA;p/ABro and AAjr /A6 represent the
uncompensated amplitude/phase imbalances in LO and IF,
respectively. The compensated IRR, defined by the average
power ratio of signal and image, can be derived as

1+ + AA) +2(1+ AA) cos(AD')

IRR
14 (1 4+ AA)? —2(1 + A4’ cos(AQ)
where
AA' — (AALO 3 AACALLO) (AAW 3 AACALIF)
Aro Aro Alr Alp

()
AO" = (AOpo — Abcar_r0) + (A0 — Abcar_ir)  (3)

In (1), AA’ is the compensated I/Q amplitude mismatch
from LO and IF, while A@’ is the compensated I/Q phase
mismatch. According to (2) and (3), the I/Q imbalance of
the low-IF receiver can be improved by properly selecting
the calibration parameters from the calibration circuits, where
the amplitude/phase compensation parameters of LO and
IF calibration circuits are denoted as AAcar_ro/ABcar_Lo
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FIGURE 5. IF chain block diagram. (a) Conventional PI, (b) conventional
delay cell, and (c) proposed 1QlI topologies for IF 1/Q phase calibration.

and AAcar jr/ABcar_jr, separately. To have IRR above
40 dB with margin, the resulting amplitude and phase mis-
match of 50 dB IRR shall be within +0.05 dB and £0.5°
according to [15]. Besides the stringent resolution of cal-
ibration, another design challenge is to provide wideband
compensation. The reported calibration methods have lim-
ited performances for wideband receivers to satisfy both
high image rejection (IRR > 40 dB) and broad bandwidth
requirements [16], [17], [18], [19].

Fig. 4 illustrates the block diagram of the proposed wide-
band image-reject RF down-converter IC with automatic I/Q
mismatch calibration. To satisfy a diversity of system appli-
cations, this work can independently receive satellite signals
of two polarizations, RHCP and LHCP. In each polarization
path, the receiver comprises a single-ended LNA, an active
mixer, and a 6™-order wideband image-reject PPF followed
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FIGURE 6. (a) Simulated group delay. (b) Simulated 1/Q amplitude
imbalance versus 1/Q phase difference after phase adjustment.

by a three-stage IF amplifier (AMP). A dual calibration
scheme composed of LO and IF compensation is used in this
work. The proposed IF IQI features a high-resolution wide-
band adjustment within the full IF span while the proposed
narrowband LO IQI combines accurate mismatch compensa-
tion and LO buffer function moderately. The I/Q mismatch
detection in automatic calibration is realized by generating
a built-in self-test (BIST) RF signal internally, rectifying
the IF test signal in log detector, and finally processing the
output indicator in the digital circuitry. The wideband IF
compensation and mismatch indication can largely reduce
the circuit and computation complexity. An integer-N phase-
locked loop (PLL) constitutes the 10.4 GHz LO generation
with a 50 MHz reference frequency. This reference frequency
is derived from the chip reference clock generated by an
internal crystal oscillator (XOSC). Based on the coupling
of the two LC-tank VCOs, the coupled-oscillators implement
the QVCO in this work to generate quadrature LO phases.
The cascode-based coupling technique is used to improve the
I/Q phase ambiguity [20].

Ill. CIRCUIT DESIGN

A. CALIBRATION BUILDING BLOCKS

1) IF1Ql

The IF IQI plays a vital role in IF calibration and is respon-
sible to interpolate the wideband IF inputs and provide PPF
balanced I/Q signals for image-reject filtering. I/Q mismatch
calibration includes phase mismatch and amplitude mismatch
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FIGURE 7. The IF polyphase filter. (a) Schematic and component values.
(b) Simulated image attenuation.

calibration. To adjust signal phase in calibration, the con-
ventional phase interpolator (PI) and delay cell (DL) can be
used and are shown in Fig. 5(a) and Fig. 5(b), respectively.
The conventional PI has the advantage of wide phase range
(0° to 360°) by utilizing quadrature phase mixing [21], [22].
The phase interpolation can be expressed as a weighted
summation of the four I/Q signals. The weighting factors
of 1/Q signal paths are realized by adjusting current sources
of the in-phase signal path (a,b,c,d) and current sources of
the quadrature signal path (e,f,g,h) separately. Conversely,
the conventional variable delay cell features its simplicity
by steering the fast signal current sources (i and k) and
slow signal current sources (j and 1) [23]. Phase control is
accomplished by making the output phase a summation of
the phase delays in the fast and slow paths. Nevertheless, the
disadvantage of the above two reported designs is their output
swing will change under different phase control choices,
which necessitates a limiter to solve the swing imbalance.
As illustrated in Fig. 5(c), the proposed design takes the
complementary form of both phase control signal sources
(Io*: Qi*/Qi~ and Qo*: Ii*/Ii™) and phase control cur-
rent sources (s and t-s). The current sources of m and n
are reserved for amplitude mismatch calibration. Ag and
€ denote the interpolated I/Q signal phase difference and
amplitude mismatch of the proposed IQI, separately. In (4),
Ag is independent of frequency and suitable for wideband
IF signal phase adjustment. The interpolated I/Q signal phase
difference depends on the choice of the phase control current
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source complements of t-s and s for a given m and n. Accord-
ing to (5), € is insensitive to the resulting difference of phase
control sources (t-2s and 2s-t) during phase interpolation.

T 1 ft—2s 1 25—t
Ap = — +tan — tan “4)
2 n m

B (n® + (t — 25))
€ = 10log |:(m2 + (2s — t)z)

Phase shifting of a broadband signal needs to provide a
constant group delay over the signal bandwidth. As shown
in Fig. 6(a), the simulated group delays of the proposed IF
IQI and conventional PI show flat frequency responses, less
than 0.8 pS deviation within the desired 2 GHz IF bandwidth.
On the contrary, the conventional DL finds a group delay
deviation of 27.5 pS performance from 0.3 GHz to 2.35 GHz.
Fig. 6(b) provides the simulated amplitude error at different
phase interpolation values. Under a similar I/Q signal phase
range from 87° to 93°, the proposed IF IQI achieves no more
than 0.02 dB amplitude difference while the performances
of the conventional PI and DL are 0.28 dB and 0.29 dB,
respectively. At the supply voltage VDD of 1.6 V, under
a perfect I/Q balance assumption (Ag = 90°), the sizes
of phase control current sources (s and t-s) and amplitude
control current sources (m and n) are 115 ¢ A and 1150 pA,
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FIGURE 9. (a) The simplified schematic and (b) the simulated phase
difference and amplitude change versus phase control of the LO 1Ql.

respectively. To meet high IRR requirement, the resolutions
of phase and amplitude interpolation in the wideband IF
calibration are set to 0.1° and 0.03 dB, separately.

2) IF PPF

Besides the proposed IF IQI, the integrated PPF is essen-
tial to obtain a wideband and high IRR performance in the
IF signal chain. The pole splitting technique by cascading
several RC-CR networks can separate the generated poles,
smooth the frequency response, and extend the achievable
bandwidth [24]. As depicted in Fig. 7(a), six RC-CR sections
are used and cascaded in this work. To alleviate the desired
signal attenuation, the resistors in the latter stages are chosen
larger than those in the former. Fig. 7(b) shows the simulated
performance of the proposed IF PPF. For the ideal balanced
quadrature inputs, the 6-stage polyphase filter design exhibits
better image attenuation at 0.3 GHz than the 5-stage filter by
16.5 dB within the desired band. The former is preferred due
to the limited image filtering of front-end circuit and the input
imbalance effect on PPF. The LC-tuned integrated LNA has
little suppression to the image signal under close frequency
proximity of 600 MHz. To place PPF poles at the head of the
desired band can compensate the lack of RF image filtering.
Taking the mismatch into consideration, the 6-stage PPF fails
to meet the required image rejection of 40 dB if imperfect
filter inputs contain the amplitude mismatch of 0.1 dB and the
phase difference of 1°. The IRR degradation not only coheres
to the proposed IQI resolution but manifests the importance
of mismatch calibration.
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3) IF LOG DETECTOR
The automatic I/Q mismatch calibration in this work relies
on the close-loop control of the mismatch cancellation and
the image signal strength indication (ISSI). The former is
implemented by the I/Q signal amplitude and phase adjust-
ment. The function of ISSI is to quantitatively demonstrate
the existing imbalance condition in a receiver by using a built-
in self-test image signal. The challenge of ISSI lies in the
ability to indicate the difference even if the signal power level
is quite low in high image rejection condition. As illustrated
in Fig. 8(a), this work uses a logarithmic power detector to
convert the IF signal level to a DC voltage. The detector
performs the single-to-differential conversion (SDC) in the
first stage and cascades limiting amplifiers and rectifiers for a
wide detection range. The IF test frequency is set to 500 MHz
after a frequency response comparison since the log detector
presents higher gain performance and hence better linear
dynamic range. The operation details of the complete ISST are
as follows. At the beginning of the automatic I/Q calibration,
a RF image test signal is generated by the 9.9 GHz on-chip
inverter-based ring oscillator and fed to the input of LNA. The
log detector rectifies the down-converted IF image test signal
and an 8-bit ADC generates a digital output code. The control
signal is conclusively obtained with the digital circuitry.
Nevertheless, some undesired harmonics are accompanied
by the imperfect sinusoidal test signal and therefore the addi-
tional power inputs interfere with the regular strength indi-
cation. Fig. 8(b) shows the conventional resistive-feedback
inverters (RFIs). The RFI is composed of a NMOS transistor,
a PMOS transistor, and a shunt feedback resistor. Under a low
supply voltage, the RFI has higher transconductance and bet-
ter gain performance than a common-source stage. Also, the
RFT architecture provides a good driving ability and is suit-
able for receiver output stage design [25]. Fig. 8(c) is the pro-
posed amplifier unit with harmonic suppression. Compared
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with the conventional RFI, the proposed fully-differential
design not only improves the rejection to the common-mode
spurious signals but integrates the low pass filtering made
up of the low-cost metal-insulator-metal (MIM) capacitor.
Fig. 8(d) shows the simulated power detector voltage gain.
In comparison with the detector design without low pass
filtering, the proposed detector has better third and fifth har-
monic suppression by 10 dB and 20 dB, respectively. In this
work, the simulated detection range of 500 MHz with £3 dB
nonlinearity reaches 65 dB, from -10 dBm to -75 dBm.

4) Lo 1Ql

Placed at 10.4 GHz QVCO output, the LO IQI compensates
the mismatch of quadrature LO signals and acts as a buffer
stage to the subsequent down-conversion mixer. As illustrated
in Fig. 9(a), the LO 1IQI is similar to the aforementioned IF
IQI in circuit configuration but makes use of a parallel LC
circuit as its load. The existing LO in-phase and quadrature
signals and complementary current control are utilized to
simplify the phase adjustment. Different from the addition
of quadrature signals in the LO phase difference compensa-
tion, a straight operating current selection of the LO ampli-
tude control stage compensates the LO amplitude mismatch.
In this work, a 7-bit current-mode digital-to-analog converter
(DAC) implements the high-resolution compensation current
control. Fig. 9(b) provides the simulated LO 1/Q signal phase
difference and amplitude change at different phase control
values. The simulated phase difference presents almost linear
characteristic in response to the phase control. The phase
tuning resolution at 10.4 GHz in simulation reaches 0.1°, and
more important, the resulting amplitude variation is less than
0.004 dB per phase tuning step. The maximum amplitude
change among the full phase tuning range of 12.5° is no
more than £0.15 dB. The power consumption of the full LO
phase control circuitry adds up to only 5 mW. For the narrow-
band LO phase interpolation in this work, the proposed LO
IQI design demonstrates a high-resolution low-complexity
design.

The I/Q path mismatch compensation is performed in the
following sequence: LO phase — LO amplitude — IF ampli-
tude — IF phase. The LO signal path is solved first since
more layout sensitivity results from the operating frequency.
The amplitude adjustment resolution of the LO IQI is 0.07 dB
and larger than that of the IF IQI since the active mixer is less
sensitive to the swing mismatch of quadrature signals than
the IF PPF in this work. A sequential search is used here.
Calibration will stop while the strength indicator minimum
of the down-converted test image signal is found.

B. RECEIVER CHAIN

Fig. 10 illustrates the receiver chain block diagram and build-
ing block schematics. As for the receiver front-end (RXFE)
circuit, a single-ended input, cascode common-source LNA
is followed by a single-balanced active mixer. The mixer uti-
lizes the inductor-based current-bleeding technique to insert
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FIGURE 11. (a) Die photograph. (b) Power consumption chart. (c) Measurement setup.

a current source helper (Ip) [26]. This addition alleviates the
conflicting requirements of the input transistor current (high
enough for noise and linearity) and the load resistor current
(low enough for large resistors and thus high gain). More
importantly, the resulted low LO leakage not only improves
the receiver gain desensitization in IF but suppresses an inter-
ference to log detector while ISSI runs. The mixer provides
the simulated conversion gain of 10.5 dB at an expense of
the operating current of 8.3 mA. The corresponding load
resistor current is only 0.43 mA. After down-conversion,
the IF signal flows through an IF IQI and a PPF to the
three-stage IF amplifier. Composed of a differential pair with
a LC tank load, the first stage of IF AMP cooperates with the
RF front-end to obtain a wideband receiver gain response by
means of stagger-tuning principle [27]. The gain slope of this
stage is also controlled by the load resistor. Next, the IF AMP
performs differential to single-ended conversion by using the
current mirror source as an active load in the second stage.
Driving an external low resistance instrument loading, the
final output stage is implemented with a RFI topology in this
work.

C. POWER PLAN

In system applications, the system operating voltage ranges
from 11 V to 19 V. An on-board DC/DC switching con-
verter IC is a widely-used regulator choice to convert the
high voltage to a lower one [28]. This arrangement can have
high system efficiency but results in the occurrence of the
supply voltage ripples in blocks. Hence, the CMOS-based
low dropout (LDO) regulators are placed in this work and
regarded as voltage buffers to suppress the ripples. Thus,
the proposed down-converter IC operates at 1.8 V nominally
while the true supply voltages for analog and digital cir-
cuitries are regulated to 1.6 V and 1.2 V, respectively.

IV. MEASUREMENT

The proposed Ku-band down-converter IC is fabricated in
a standard 110-nm CMOS technology. Fig. 11(a) shows the
die micrograph. The total chip size is 3.45 mm?, which sup-
ports two independent polarized RF signal down-conversion
paths. Compared with published wideband receivers with
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FIGURE 12. Measured and simulated (a) conversion gain, noise figure,
and (b) image rejection ratio.

high image rejection (IRR > 40 dB), this work is the first
one to integrate both the LO source and BIST mismatch
detection. The proposed ISSI detection blocks for automatic
1/Q calibration occupy an area of less than 0.15 mm?, which
is area efficient. Additionally, the cell size of each 6-stage
IF PPF in this work is no more than 0.017 mm?, resulting in
just 0.5% of the total chip area consumption. Furthermore,
the dimensions of the proposed IF IQI are compact and each
IF IQI size is as low as 140 um x 75 pum.

The down-converter IC consumes 477 mW under 1.8V
operating voltage. Fig. 11(b) shows the power consumption of
blocks. In this chart, the consumed powers of RXFE, IF, and
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TABLE 1. Performance summary and comparison of the reported wideband receiver and mixer with high image rejection.

[8] [9] [10] [11] [12] [14] This
ISSCC22 | JSSCR22 JSSC'19 TMTTR20 | JSSC20 | Access20 Work
IF BW" (GHz) Single-point and fixed IF frequency 15-17 3.1-46 | 06525 | 03-235
Fractional IF BW (%) Single-point and fixed IF frequency 12.5 39 117% 150
IRR (dB) > 52 30-50 >30 | >25 75-84 32-56 33-36 48-55
CG (dB) 14-19 25-29 33 26.5 | 25-28.5 35 -12.8 37
NF (dB) 4.6-8 7.5-11 5.7 8.5 3.3-5 3.2-6.1 n.a. 5.5-7.6
Architecture High-IF Low-IF Low-IF High-IF Low-IF Low-IF Low-IF
Image Proximity (GHz) 16 6 0.06 30 6.2 2 0.6
24.3— 22— 28— | 373 20— 24— 17.1- 10.7-
RF BW'(GH) 54 26 28.5 | 38 44 337 20.6° 12.75
RXFE Ppc™ (mW) 32-75% 35 85 30 60 12 85.5
External LO Source Yes Yes Yes Yes Yes Yes No
Self-Test for IRR No No No No No No Yes
Die Area (mm?) 4.48 1.15™ 4.5 1.8 0.77 1.22 3.45
Process 65 nm 28 nm 65 nm (2:12\/;8]; éls\/[nOn; 90 nm 110 nm
CMOS CMOS CMOS CMOS CMOS
SOI SOI
RXFE+ RXFE+ RXFE+ RXFE+ RXFE + Mixer+ RXFE+
IF PPF+ | IF AMP+ LO PPF+ IF AMP+ | IFPPF+ | IF PPF+ | IF PPF+
Integration .LO LO/IF Manual ' RF IF AMP+ | IF AMP+ | IF AMP+
Tri-phase Hybrid 'Q High-pass | Quad. LO | Quad. LO | QVCO+
Generator Coupler Calibration Filtering | Generator | Generator Auto
1/Q Cal.

Quad.: Quadrature

LO IQI add up two receiver chains. The power consumption
of each IF is 38.5 mW including an IF IQI and a three-stage
IF AMP, exclusive of passive PPF. LO IQI consumes only
5 mW in performing the proposed LO I/Q phase interpolation
but needs more than 55 mW in buffering QVCO since the
in-phase and quadrature LO signals have their own buffer
stages and hence the power consumption is doubled from
a viewpoint of a conventional fully-differential amplifier.
The down-converter IC is tested on-board in a QFN40 pack-
age. RO4350 PCB is used to reduce dielectric loss at high
frequency.

Fig. 11(c) illustrates the measurement setup. A Keysight
N8973A noise figure analyzer is cascaded with a Keysight
346B noise source to verify the receiver conversion gain and
noise figure performance. The N8973A has the ability to
characterize not only amplifiers but also frequency translat-
ing devices and offers simultaneous noise figure and gain
measurements. Next, to test IRR, a continuous-wave signal at
desired band (10.7-12.75 GHz) and also a RF tone at image
band (8.05-10.1 GHz) are generated by an Anritsu MG3692C
signal generator and separately sent to the down-converter
input. The receiver output spectrum is recorded and used to
calculate IRR with a Keysight N9030B spectrum analyzer.
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IRR > 40 dB. ™Each RF path. *IRR > 30 dB. **Operation freq. dependent. 'IF is fixed at 3.5 GHz. "'Include up converter.

As shown in Fig. 12(a), the measured receiver presents
37.8 dB peak conversion gain, averaged 6 dB noise figure,
and less than £1.5 dB full-band gain flatness. The measured
upper and lower 3-dB frequencies are above 2.4 GHz and
below 0.25 GHz, respectively. The wide IF bandwidth and
low IF frequency advantages make the concurrent full-band
satellite signal demodulation feasible. Fig. 12(b) shows the
measured IRR performance. A 48-55 dB IRR is achieved
among the full IF signal band (0.3-2.3 GHz) after automatic
I/Q calibration. The image rejection improvement reaches
20 dB maximally without any external control, on-board
element, or additional filtering. It is observed experimentally
that the I/Q phase difference obviously reduces from > 3° to
below 1° after the proposed calibration. The I/Q amplitude
mismatch improves from >0.5 dB to less than 0.1 dB after
automatic tuning.

More importantly, the proposed down-converter IC
presents a wideband and substantial image rejection even
if the RF signal is close to its image by no more than
0.6 GHz. The resulting fractional IF bandwidth with high
image rejection (IRR > 40 dB) is up to 150%, which is the
highest performance according to the literature. Additionally,
the rejection performance of this work is superior to other
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reported IRR results of monolithic wideband image-reject
receivers under similar image proximity. In comparison with
more than 15 GHz IF frequency choice for better image fil-
tering [11], this work largely simplifies the required demodu-
lation circuit complexity. The proposed receiver architecture
also demonstrates better conversion gain and noise figure per-
formance than the receivers exploiting mixer-first topology to
have wideband image rejection [29], [30].

Table 1 summarizes the measurement results of this work
and makes a comparison with the state-of-the-art. The auto-
matic I/Q calibrated receiver in this article achieves the best
performance in terms of integration and fractional IF band-
width with high image rejection.

V. CONCLUSION

A Ku-band automatic I/Q-calibrated bulk-CMOS down-
converter IC for wideband satellite communication with high
image rejection (IRR > 40 dB) is presented in this paper. The
proposed IF I/Q interpolator features almost a constant group
delay within the full IF desired band and exerts less influence
on signal amplitude than the published phase interpolator and
delay cell while compensating the I/Q signal phase mismatch.
Additionally, the used logarithmic power detector in this
work demonstrates a better harmonic suppression, thereby
realizing a wide I/Q mismatch indication range in automatic
calibration. Delivering the conversion gain, noise figure, and
gain flatness adequately, the measured receiver achieves the
state-of-the-art 150% fractional IF bandwidth with substan-
tial image rejection (4855 dB IRR, 0.3-2.35 GHz) with
no external filtering. Thus, the proposed down-converter IC
develops a high-IRR, wide-IF bandwidth, and low-cost work
for SATCOM applications.
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