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I. INTRODUCTION

Everyone wants and enjoys a smart life with a smart
phone, smart car, and smart home. The major difference
between a smart phone and a traditional mobile phone is the
user-defined functions inside the smart phone. The user can
change their smart phone into a music player, a movie
theater, or their own personal workstation. All functions can
be defined by the user with all flexibility.

For a smart car, if there are more sensors such as video
sensors, LiDAR sensors, or even millimeter-wave radar,
then this automobile can then be an autopilot smart car.
Therefore, if there are more user-defined functions or more
sensor capabilities inside the Radio Frequency Integrated
Circuits (RFIC), then we can call this RFIC a smart RFIC,
which is essential when facing the changing environment.

Traditionally, auto-gain control (AGC) can be easily
implemented inside a RFIC for the amplitude sensing
capabilities. If we have frequency and phase sensing
capabilities, then our circuit will be capable of automatic
band-switching and phase adjustment.

We typically have an AM radio and FM radio that uses
amplitude modulation and frequency/phase modulation,
respectively. To implement a quadrature amplitude
modulation (QAM) digital radio, we need both amplitude
and frequency/phase modulation techniques to achieve
adaptable constellation with process, voltage, and
temperature (PVT) variations.

Il. FREQUENCY SENSING: AUTO-BAND-
SWITCHING ULTRA-BROADBAND RFIC

The function of a frequency sensor is to detect whether an
input frequency is in-band or out-of-band, as shown in Fig.
1. We usually need a tunable frequency source to
approximate and close in on the unknown input frequency,
which requires extra dc power consumption and tuning time.
Our proposed design uses a coarse band-switching sensor
for fast in-band or out-of-band discernment. During our
research on a Miller divider, we discovered that the divider
can be used as a band-switching sensor.
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Fig. 1. A band-switching controller can switch to the correct frequency
by determining if the input is in-band or out-of-band when using the Miller
frequency divider.

Using Miller Dividers as a Frequency Sensor

As shown in Fig. 2, Injection Locked Frequency Divider
(ILFD) is a single-ended input to a cross-coupled CMOS
resonator while a Miller frequency divider is a differential
input to a cross-coupled CMOS resonator. ILFD has a self-
oscillating feature that generates a self-oscillating free-
running output when there is no input. A Miller divider has
a non-self-oscillating feature that generates no output when
there is no input.
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Fig. 2. a) ILFD divider; b) Miller frequency divider [1].

When there is an in-band input, both frequency dividers
can generate locked half-frequency large output signals
under the frequency locking condition. However, for both
the ILFD or the Miller divider, when there is an out-of-band
input, the ILFD will generate a large multi-tone waveform
because of the unlocked circuit behavior while the Miller
divider will generate a small harmonic output.

Therefore, when using the Miller frequency divider, we can
design a sensor to distinguish if the signal is either in-band or
out-of-band. When the input signal is in-band, there will be a
large amplitude output; when the signal is out-of-band, there
will only be a small harmonic output. A frequency sensor can
then be designed with an amplitude detector cascaded with a
Muiller divider as seen in the photograph of the chip shown in
Fig. 3.
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Fig. 3. Photograph of the proposed Miller frequency divider [1].

The frequency-band switches inside the Miller divider are
controlled by a finite-state machine with the following
sequential steps shown in Fig. 4. We can not only detect the
input signal within the blue (1), red (2), or green (3) band, but
we can also switch the corresponding operation of the circuit
blocks such as the Low Noise Amplifier (LNA), Mixer, or
Power Amplifier (PA), to the correct band to optimize the
circuit performance. This three-band frequency sensor can
complete the detection and switching actions within 40 ns and
under 12 mW. For example, the control signals can be used to
change the state of the tunable neutralization transmission
lines to adjust the operation frequency of an amplifier [2]. We
can then have broadband circuits built upon each band-limited
block. The frequency sensing and controlling techniques can
also be applied to the front-end circuits in multi-band
applications or software-defined radios with fast frequency
hopping capability.
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Fig. 4. A frequency sensor that covers the entire bandwidth has a coarse
band-switching function to determine if the input is within any of these
three bands.

I1l. AMPLITUDE SENSING: SINGLE ANTENNA
RADAR WITH ON-CHIP ISOLATOR

For a single-antenna radar transceiver, the Transmitter-
to-Receiver (Tx-to-Rx) leakage signal will degrade the
receiver sensitivity. The proposed solution to cancel the
leakage signal is to use a passive approach using a
feedforward technique with a digitally-calibrated method,
as shown in Fig. 5.

EMCW/CW/

Pulse radar Tx/Rx Antenna

1solator

Fig. 5. Single antenna radar with on-chip isolator [3].

A feedforward technique shown in Fig. 6 is needed to
improve the isolation from 15 dB to 21 dB by using an out-
of-phase auxiliary signal with the same amplitude as the
leakage signal to cancel the leakage signal. A digital-
calibrated method is implemented to eliminate the need for
a manual fine-tuning mechanism for attenuators and phase
shifters and to mitigate the productions issues caused by
process, voltage, and temperature (PVT) variations when
designing with the analog feedforward technique.
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Fig. 6 Block diagram of a digital-calibrated feedforward Tx-to-Rx
isolator [3].

The feedforward circuit mainly focuses on the leakage
signal from the transmitter to the receiver. To cancel the
leakage signal in the circuit, an auxiliary signal is
introduced. The amplitude of the auxiliary signal is
adjusted by using a T-type resistor network. Isolation
between the main and auxiliary paths is achieved by using
a Wilkinson power combiner. A way to improve the
isolation at the Rx port when combining the main and
auxiliary signal is an issue that requires tuning of the
attenuator, so we will also incorporate a digitally-
calibrated design for attenuator control.

To fine-tune the attenuator, a signal is injected at the
target frequency so both the main and auxiliary path have



the same signal. Power detectors then sense and convert the
amplitude of two-path signals to dc voltage. After
comparing the voltages, the successive-approximation-
register (SAR) circuit then records the binary signal. SAR
then performs a binary search of optimal attenuation to find
the optimal code word to control the attenuator through a
digital-to-analog converter (DAC), as shown in Fig. 7.
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Fig. 7. Digital AGC using SAR and DAC.

The proposed IC design is implemented in a standard
mixed signal and the RF 0.18 um CMOS technology. The
Tx-to-Rx leakage signal can be cancelled by the auxiliary
signal using feedforward circuits with a digital-calibrated
technique, which improves the isolation from around 18 dB
to 27.3 dB at 25 GHz while using 13.5 mW dc power. A
similar concept of amplitude sensing is adopted in LNAs and
PAs. In LNAs, the received signal strength indicator, error
amplifier, and loop filter form the feedback circuit for gain
control that allows the LNA to operate in different gain
modes [4]. In PAs, the power detector is used to sense the
operation power, so it can adaptively optimize its efficiency

[5]-[6].

IV. PHASE CALIBRATION: DIGITAL PHASE SHIFTER

Phase shifters are a critical block in phased-array systems
and can be also used as tuning knobs for smart RFICs.
Insertion loss, phase and gain errors, phase coverage, power
consumption, and chip area are the main considerations in a
phase shifter design. Passive phase shifters are commonly
seen and utilized for their low dc power consumption and
high linearity [7]-[9]. This passive type of phase shifter
usually consists of filters and resonators with digital control.
To compensate high insertion loss and gain and phase
variations, a phase-invariant and gain-compensation
variable gain amplifier (VGA) is necessary and can be
designed using multiple amplifier stages with opposite
phase variation in different phase shifting modes [10]-[11].

To reduce the phase error, phase and gain variation, and
the phase-tuning complexity in a phased-array system, a 57-
to-64-GHz low phase-error 5-bit switch-type phase shifter is
designed with a low phase-variation VGA using 90-nm
CMOS low-power technology, shown in Fig. 8 and Fig. 9.
The developed 5-hit phase shifter only has a 2° RMS phase
error while the VGA only has a 1.86° phase variation.

5-bit phase shifter

Low phase-variation VGA

Fig. 8. Block diagram of the proposed 60-GHz 5-bit phase shifter and
low phase-variation VGA [12].
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Flg 9. Chlp photograph of the 5-bit 60-GHz switch- type phase shifter
and VGA [12].

5-bit Low Phase-variation Phase Shifter and Low Phase-
variation VGA

A previous study [13] shows that a 4-bit switch-type
phase shifter can achieve a low phase-variation of 2°. For our
current 5-bit phase shifter, we have sequenced the phase-
shifting stages by cascading 180°, 22.5°, 45°, 11.25°, and 90°,
respectively, to reduce the loading effects from adjacent
stages.

When comparing a T-type to a n-type switch-type phase-
shifting stage, the T-type stage shown in Fig. 10 was chosen
and used due to the improvements regarding phase linearity
and group delay. A comparison of the two showed that the T-
type has a much wider bandwidth than the n-type phase shifter
for 90° phase shifting, as shown in Fig. 11(a) and (b). When
comparing the group delays for these two switch-type phase
shifters, we can see that the n -type and the T-type phase
shifters has a group delay deviation of 6.5 ps and 0.8 ps,
respectively, between V=0V and V.= 1.2V, as shown in Fig.
12(a) and (b). Having less group delay for a broadband signal
means that there is less phase error, so a T-type phase shifter
was implemented because of its better phase linearity and
smaller group delay.
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Fig. 10.  a) m-type switch-type phase shifter; b) T-type switch-type phase
shifter [12].
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Fig 11.  (a) shows phase difference of the n-type phase shifter; (b) shows
the phase difference of the T-type phase shifter [12].
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Fig12.  (a) shows the group delay of the n-type phase shifter; (b) shows
the group delay of the T-type phase shifter [12].

In addition to using a 5-bit phase-variation phase shifter,
we also implemented a low phase-variation three-stage VGA
with a phase-compensation capacitor (Cx) and a source
degeneration inductor (Lg) as shown in Fig. 8 to significantly
reduce the phase variation from 10.5°to 1.5°.

This proposed 57-64-GHz low phase-error 5-bit switch-
type phase shifter with an integrated low phase-variation
VGA using 90-nm CMOS technology shows a combined
root-mean-square (RMS) phase error of 3.3° at 63 GHz. The
5-bit phase shifter accounts for 2° of the measured RMS phase
error at 62 GHz while the VGA can attain a gain tuning of 6.2
dB with a 1.86° phase variation, as shown in Fig. 13. Having
a low phase-variation VGA that has small impact on the phase
variation of the phase shifter makes this suitable for high-
resolution phased arrays.
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Fig. 13.  RMS gain error and RMS phase error for 5-bit phase shifter and
VGA [12].

V. QAM CALIBRATION I: MILLIMETER WAVE 1024-
QAM BROADBAND I/Q TRANSMITTER

When implementing a high QAM modulator, the most
significant issues that impair the RF output are usually related
to nonlinearity and 1/Q mismatch. Achieving higher linearity
can be improved by power back-off, but mitigating the 1/Q
mismatch can only be improved through topology selection
and parasitic-insensitive design methodology. The calibration
of I/Q mismatch can be divided into two parts: (1) PM
calibration, and (2) AM calibration.
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Fig. 14.  Die photograph of the E-band modulator [14].

The 1/Q calibration structure is implemented at the local
oscillator (LO) port such that the 1/Q balance is less sensitive
to the loading effect from the RF port, as shown in Fig. 15.
The proposed structure can compensate for both amplitude
and phase distortion and can also achieve high Image
Rejection Ratio (IRR) of the modulator over a wide
bandwidth at high data rates. In the structure shown in Fig.
15, a LO broadband 45° power splitter when combined with
amplitude and phase compensation for sub-harmonic 1/Q
modulator can then achieve a low-amplitude and phase-
imbalanced structure.
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Fig. 15. A 45° phase shift power splitter with a delay line and HPF/LPF
provides amplitude and phase compensation for I/Q calibration at the LO port
[14].

For the I and Q mixer to have quadrature mixing, a LO
signal power splitter with a 45° phase shift is used because the
RF frequency is twice the LO frequency in the sub-harmonic
mixer. A 45° phase shift with high-pass filter (HPF) and low-
pass filter (LPF) structures is used to have low insertion loss,
broad bandwidth, and low-imbalance 45° equal group delay.
The power splitter also uses an amplitude compensation
circuit to reduce the 1/Q mismatch of the entire modulator.

For PM calibration, the combination of a HPF and a
LPF was selected because the progressive phase of the HPF
structure and the phase delay of the LPF structure can create
the 45° phase difference between two output ports and create
a broadband low-imbalance group delay, as shown in Fig. 15.
When using the HPF and LPF design, amplitude imbalance
will arise because the on-chip Metal-Insulator-Metal (MIM)
capacitor, inductor, and transmission lines are not ideal. For
AM calibration, a 50-um delay line also shown in Fig. 15 is
introduced to compensate for the amplitude imbalance. Due
to the phase shift caused by the compensated transmission line
length, the center frequency and the phase difference of the
LPF and HPF design were slightly adjusted so that both phase
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and amplitude imbalance can be compensated at the same
time.

For the proposed structure that contains both the
HPF/LPF and the additional delay line, the amplitude
imbalance is less than 0.04 dB and the phase difference is less
than 0.5° from 32 to 45 GHz for the LO frequency, as shown
in Fig. 14. The measured IRR is also more than 40 dBc for
64-84 GHz as shown in Fig. 16 and Fig. 17.

A digitally-controlled quadrature error correction
circuit is proposed to lower the error vector magnitude (EVM)
of a dual-band transmitter [15]. This error correction circuit
consists of four VGAs with different gains as shown in Fig.
18. Each amplifier is controlled by 4 digital bits that adjusts
the quadrature amplitude and phase mismatches. This
correction stage is cascaded with the up-conversion mixer in
the transmitter. With the error correction stage, the EVM of
the transmitter is lowered from 3.21% to 2.8% for a 64-QAM
at a 2.4-Ms/s symbol rate, and by more than 1% for 16-QAM
at a 3-Ms/s symbol rate.
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Fig. 16.  Combining a delay line with HPF/LPF helps mitigate both the
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V1. QAM CALIBRATION Il: SELF-HEALING
BROADBAND TRANSCEIVER

To further improve the performance of the smart RFIC,
the mismatches and performance degradation due to
environmental and process variations in a transceiver can
be mitigated by some systematic and digitally-assisted
approaches, such as built-in test (BIT) with automatic
calibration circuits, or self-healing, that monitors the
system performance in real time and employs knob control
accordingly [16]-[25]. The accuracy of the sensors, the
resolution of the tuning knobs, and the stability and settling
of the feedback loop are critical to healing process. One
example of a broadband receiver with BIT is shown in Fig.
19. During the self-healing process of the receiver that
consists of a LNA and a mixer, on-chip frequency sources
generate RF test signals to the device-under-test. With
some feedback performance indicators from the on-chip
sensors, the tuning knobs in both the LNA and the mixer
circuit blocks can be adjusted to improve the noise figure
(NF), linearity, gain, and image rejection.

Microwave System on Chip (SoC)

| Test :

! Slgnals

Sensors Tuning Knobs

Healing Algorithm

Fig. 19.  Block diagram of a general BIT system showing the
interconnection between signal sources, sensors, tuning knobs, and healing
algorithm [16].

Specifically, in the receiver, tuning knobs control the dc
biases of the LNA and mixer that are sensitive to PVT. The
healing algorithm adjusts the tuning knobs to find the
optimal value, as shown in Fig. 20. After the signals are
down-converted, the biases of the VGAs can be tuned by
making differential adjustments to it to change the gain of
the quadrature paths, which improves the IRR from 26.7dB
to 33dB, output third-order intercept point (OIP3) from
1.5dBm to 8.3dBm, NF from 12.2dB to 11.1dB, and gain
from 26.9dB to 33.1dB, with healing.
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Fig. 20.  8-18-GHz tunable SiGe Image Reject Mixer [6].
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In addition to tuning the dc bias knobs that optimizes NF,
the impedance of the LNA is adjusted digitally to tune the
frequency response of the amplifier. The whole self-healing
LNA includes on-chip sensors, DACs, and digital
controllers. With the self-healing technique, the standard
deviation of NF is reduced by 37%, and the 3-dB bandwidth
varies between 10.6 GHz and 12.5 GHz with different knob
settings [21].

For healing the transmitter as shown in Fig. 21, the probe
generator in the self-healing controller (SHC) creates test
tones using the numerically controlled oscillators (NCOs).
These test tones can have adjustable frequencies and
amplitudes to probe the millimeter-wave transceiver and
measure envelope variations, power level, and temperature
from the transceiver impairments. From the performance
metrics collected from a few different sets of test tones,
coarse searching range and local minimum can be estimated.
Fine search then can be performed around the local
minimum to find the optimal spot. The parameter estimator
(PE) which contains a 128-point fast Fourier transform
(FFT) processor processes the sensor measurements. The
controller then can dynamically change the rate of control
for the tuning knobs from the reliability measures produced
by the PE. The 1-dB compression point, third-order output
intermodulation, and 1/Q mismatch can be improved post
healing.
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Fig. 21.  Transmitter self-healing system showing adjustable transmitter
chain, I/Q correction unit, envelope detector and SHC [17].
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Fig. 22 shows the parameters of self-healing in the
receiver. Initially, a low power reference test tone is
generated and fed into the transmitter to characterize the
gain and linearity of the transmitter as a calibration phase.
Then, the transmitter’s probe generator creates a two-tone.
The de-imbedded Tx-to-Rx coupling then computes the



power delivered, which is detected using an envelope
detector. Subsequently, the SHC’s FFT processor detects the
tone amplitudes at the receiver output to find out the chain
gain of the receiver, then finds the output noise when the
transmitter is turned off. A temperature sensor then finds the
thermal noise floor, so that the NF value can be computed to
allow the bias current adjustments at each LNA stage.
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Fig. 22.  Receiver self-healing system showing adjustable transmitter
chain, adjustable receiver chain, temperature sensor, envelope detector and
SHC [17].

By using an active self-healing broadband transceiver to
calibrate QAM, the gain, NF, IRR, and OIP3 can all be
improved post-healing. However, because the IRR only
reaches 33 dB, only using this active QAM calibration with
self-healing does not satisfy 1024 QAM, we will then
combine this self-healing technique with the other
mentioned calibration techniques to achieve 1024 QAM.

VIIl. CONCLUSION

A smart RFIC needs more user-defined functions and
environmental sensors to respond to the changing world. A
fast and low-powered frequency sensor is developed by
using the Miller frequency divider. A digital DAC can
improve the amplitude sensing accuracy. Broadband phase
calibration can be implemented through HPF and LPF to
achieve a broad bandwidth and low-imbalance equal group
delay, within a phase error of 1° in a millimeter-wave
frequency. Active QAM calibration through a self-healing
technique can significantly improve the transceiver
performance even under PVT variations.
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