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The millimeter-wave phased-array is significant in wireless communication. However, conventional
centralized phased-arrays cannot deal with the complex environments. In this research, the
distributed phased-array transceivers are proposed with less cost and compact size.

This research introduces low-cost, reconfigurable mmW distributed
phased-array transceivers. The deployment of such arrays is much more flexible compared with
centralized arrays. To realize compact, low-cost characteristics, this research introduces the
neutralized bi-directional architecture. The phased-array gain and stability are enhanced with a
minimized area and cost. To maintain high-efficiency characteristics, this research explores Doherty

PA with higher efficiency at backoff. To minimize the unwanted radiation, this research first
introduces a phase shifter with phase compensation network. The errors are therefore reduced.
Furthermore, this research introduces on-chip magnitude and phase detection circuits for correcting
the errors between channels.

Silicon-based mmW phased-array transceiver

mmW transceiver phased-array cmos wireless 5G B5G
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1. WFERMAL PO &

The perpetual rise in data traffic, primarily driven by the introduction of advanced technologies like 5G,
IoT, and Al necessitates the expansion of communication bandwidth. Nonetheless, the existing microwave
band has already reached its limits owing to the extensive array of applications it currently supports.
Considering this background, the millimeter-wave (mmW) band with ample frequency resources assumes
a central role in shaping the future landscape of wireless communications.

To extend the communication range of mmW transceivers, the beamforming technique in conjunction with
phased-array implementation becomes imperative. By augmenting the number of phased-array antennas,
directional beams can be precisely formed, targeting specific positions. Consequently, the utilization of
beamforming technique assumes critical significance in enabling the transmission of ultra-fast mmW data
streams.

Conventionally, the large-sized centralized phased-arrays consisting of over 64 element-transceivers are
utilized for generating highly directional mmW beams, which cannot deal with the complex urban
environments. In this research, the mmW distributed phased-array transceivers with much less element-
transceivers are proposed. Different from the conventional centralized phased-array transceivers, multiple
distributed arrays will work together to focus the mmW data beam towards the user device. The distributed
arrays are also with less manufacturing cost and compact size. Therefore, the deployment of distributed
arrays becomes much more flexible. Street lights, moving vehicles, and even human beings could be
equipped with such compact arrays.

2. WHEDOHK

This research aims at realizing CMOS mmW distributed phased-array transceivers. The designed phased-
array transceiver should obtain compact, low cost, high-efficiency, and high data rate characteristics. Also,
the undesired radiation of the distributed phased-array transceivers should be minimized at unwanted
directions for less blocker generations.

3. WDk

(1) To realize compact, low-cost characteristics for the distributed phased-array transceivers, this research
introduces the bi-directional architecture. The transmission path and the reception path of the phased-array
channels are combined for a compact chip area and a minimized cost. A neutralized bi-directional
architecture is further proposed. The amplifier gain and the stability are enhanced in the proposed
distributed phased-arrays.

(2) To maintain high-efficiency characteristics for the distributed phased-array transceivers, this research
explores the Doherty PA. In 5G/B5G, the OFDMA-mode signals are usually used. The PAPR of such
signals is usually high and degrade the efficiency of the transceivers. The Doherty PA can improve the PAE
of PA at backoff.

(3) To minimize the unwanted radiation of the distributed array, this research first introduces a switch-type
phase shifter with low gain and phase errors. A high-pass phase compensation network is utilized to improve
the errors of the phase shifter. Furthermore, this research also introduces an on-chip magnitude and phase
detection circuit for detecting the gain and phase errors between different transceiver paths. The radiated
signal from each path will be down-converted and detected by the proposed circuit. High detection accuracy
and low power consumption can be maintained by this research.

4. WFIERE

This section will introduce the achieved results in detail:

[ 1]

The distributed mmW phased-array is designed to support data rate with multiple Gbps. Besides, the system
size of the distributed phased-arrays should be compact enough. The system cost should also be minimized
for easy deployment. Therefore, a neutralized bi-directional technique is proposed in this research and
applied to the phased-array transceiver. Fig. 1 shows the block diagram of the proposed phased-array
transceiver at 39GHz band:
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Fig. 1 Proposed bi-directional beamformer and temperature compensation circuits. [R5 1]
The proposed transceiver is capable of operating in TX and RX modes with the same bi-directional circuit
chain. A single-element transceiver consists of a 2-stage PA-LNA, an VGA, an attenuator, a phase shifter,
and an isolation buffer.

Fig. 1 also shows the detailed circuit of the neutralized bi-directional the bi-directional amplifiers are
designed based on the proposed neutralized bi-directional core. Compared with the conventional switch-
based bidirectional approach, the proposed bi-directional amplifier completely shares the inter-stage
matching networks between the TX and the RX. Thus, the required on-chip area is further minimized. The
proposed neutralized bi-directional core can also realize cross-coupling capacitor neutralization in both TX
and RX modes. The higher gain characteristics and the enhanced reverse isolation are realized by the
proposed bidirectional amplifier, which contributes to low-noise and high-stability operation as well as an
improved phase tuning isolation.

Due to the different transistor size requirements for PA and LNA, an unbalanced bidirectional amplifier
architecture is proposed. Extra capacitors Cgd are attached to the LNA transistor to compensate the
additional Cgd from the PA transistor. As a result, neutralization can be realized in both operation modes.
The PA and LNA share the antenna node with a switching capacitor. By switching the transistor, the output
matching network can be adapted to the required impedance for PA and LNA. At 39GHz, this work can
achieve 15.6dBm output power in TX mode and 5-dB NF in RX mode. Please note this result is realized
with the TRX switch.

(B 2]

The phase shifting performance is critical for distributed phased-array transceivers. The phase error and
gain error will cause misalignment between different distributed transceiver cells. Therefore, this research
also explores the method for minimizing the phase and gain errors. A configuration of a phase compensation
network is adopted. It utilizes characteristics of high/low-pass filters to compensate for phase error over
frequencies as well as phase states. The proposed phase shifter exhibits RMS group delay of less than 3.8ps,
and low RMS phase and gain errors of 3.9degree and 2.2dB from 19 to 34GHz, respectively:
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Fig. 2 Proposed phase shifter and the phase compensation network. [FR 2]



The conventional circuit schematic of bridged-T STPS can be configured between the bypass state and the
phase-delay state. In order to achieve low phase error, the slope of the phase with respect to frequency
(group delay) in the phase-delay state and the bypass state should be equal. The phase-delay state presents
phase-lagging to the reference phase, which introduces large group delay imbalance between the two states.
To deal with this issue, we use a high-pass filter for the phase compensation. Using the phase-leading
characteristic of a high-pass filter, the proposed STPS can realize low phase error with extended operating
bandwidth.

The proposed STPS can achieve 180degree phase shifting with a 22.5degree step. The inductors are partly
placed by transmission lines (TL) considering large size and parasitic capacitance. The proposed phase
shifter is fabricated using 65-nm CMOS process. The core area of the design is 0.13mm?. The right bottom
corner of Fig. 2 shows the measured phase shifting. The whole design covers 180degree with 22.5-degree
resolution from 19 to 34GHz. The measured insertion loss is 11.2dB with 0.4dB gain variation at 27GHz,
respectively. The maximum insertion loss is 16.1dB over the whole bandwidth. The measured maximum
RMS phase and gain errors are 3.9degree and 2.2dB from 19 to 34GHz. At 27GHz, the phase and gain
errors are 0.45degree and 0.46dB, respectively. The achieved RMS group delay error is less than 3.8ps
within the operating bandwidth.

(R 3]

To further improve the transceiver efficiency, this work also explores the Doherty PA technique in silicon-
based technique. In 5G, the high peak-to-average power ratio (PAPR) of 5G OFDMA-mode modulated
signal limits the transmitter to operate at 6-dB or even more back-off point. As the key component of the
phased-array transmitter, the power-efficient PA with sufficient output power and good linearity
performance is required. This work focuses on the n259 band PA design. Fig. 3 shows the proposed Doherty
PA design and the corresponding measurement results.
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Fig. 3 Proposed Doherty PA and measurement results. [R5 3]

In this work, a 41-GHz CMOS transformer-based parallel-combined Doherty power amplifier is introduced.
The block diagram of the 41-GHz PA is shown in Fig. 1. The amplifier consists of a tunable 90-deg hybrid
and two symmetric amplifier paths. The tunable 90-deg hybrid is implemented for in-phase output
combining. Each path is composed of a driver stage and an amplifier stage, both realized by differential
capacitive-neutralized common-source pair. The capacitive neutralized technique is capable of enhancing
the maximum available gain and reducing the Miller effect of the differential pair. The driver stages are
biased at class-B for a better linearity feature. In order to conduct the load modulation, the amplifier stages
of the main path and the auxiliary path are biased in class-A mode and class-C mode, respectively.

A tunable 90-deg hybrid coupler as shown in Fig. 3 is also designed to compensate the output power
combining phase mismatch. Both Psat and PAE performance can therefore be compensated. Differ from
the conventional 90-deg hybrid, the tunable 90-deg hybrid has three coupled line sections with the fixed
characteristic impedance of Z0, Z1 and Z0, respectively. Two pairs of varactors are connected in shunt with
the center coupled line section. When the control biases of the varactor pairs are set to 0, i.e. VC1 =0 and
V(2 =0, the capacitance CO of the varactors is obtained to perform an equivalent characteristic impedance
Z0 together with the center coupled line section. In this case, the phase difference between £S41 and £
S§21 is 90°.

The proposed PA is manufactured in standard 65-nm CMOS technology. The total core chip area is 0.22mm?.
As also summarized in Fig. 3, the peak gain is 14.1dB at 41.5GHz with a —3-dB bandwidth from 39GHz to



45GHz. The measured in-band Psat is higher than 17.2-dBm with less than 2.2-dB variation. At 41.5GHz,
the proposed PA achieves a 19.4-dBm Psat and an 18.6-dBm OP1dB. The peak PAE reaches 30.4% and the
PAE at OP1dB is 30.1%. When operating in the deep PBO region, this PA still obtains a PAE of 19.2% at
6-dB PBO and 13.7% PAE at 8-dB PBO, respectively. To evaluate the communication capability of the
proposed PA, the modulated signal measurements are performed. Under 400-MSymbols/s 64-QAM and
256-QAM modulation schemes in single-carrier mode, this work can obtain a 13.9-dBm average Pout with
—25.0-dB EVM and a 7.8-dBm average Pout with —31.5-dB EVM, respectively. To demonstrate the support
of the 5G NR applications, this work is also measured under 5G standard-compliant OFDMA-mode
modulated signals. An average Pout of 10.9dBm in 400-MHz 64QAM is realized with —25.1-dB EVM.A
4.6-dBm average Pout in 400-MHz 256QAM is also obtained with —31.5-dB EVM.

(R 4]

The phase and magnitude alignment between different distributed phased-array transceivers is significant.
Therefore, we proposed an on-chip calibration system for aligning the phase and magnitude between
different channels. Such system can be further extended between different distributed phased-arrays with

proper control protocols.
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ig. 4 Proposed Doherty PA and measurement results. [FR5 4]

Fig. 4 shows the detail of the proposed phase and amplitude detection circuit for phased-array calibration.
In Fig. 4, the block diagram of the magnitude and phase calibration block is shown. The output of the
phased-array transceiver will be sent to the Det. in port of the calibration block with a frequency of
39GHz+150kHz. Then, the phase and amplitude of the transceiver output signal could be relatively detected
by the proposed detection circuit. Finally, the mismatch calibration of transceiver channel could be
performed by tuning the VGA and phase shifter, based on the detected digital values. Similarly, the other
elements could also be calibrated in the calibration mode. In the proposed detection circuit, 39GHz-to-
150kHz down-conversion scheme is utilized. The 39GHz+150kHz signal is down-converted to a detection
signal around 150kHz by mixing with a 39GHz LO signal input from Det. LO port. The 150kHz detection
signal is then sent to the ADC and limiting amplifier (LA) - PDC chain. With a low-frequency detection
signal, high-accuracy detections with 12bits PDC and 10bits ADC are achieved easily.

Furthermore, the clock signal for PDC/ADC is generated from the detection LO. The additional reference
input port can be removed for a compact system size. The on-chip clock signal generation scheme is also
presented. To generate the clock signal, a frequency-divider-chain circuit is utilized. The divider chain
consists of a divide-by-8 digital frequency divider, a divide-by-2 LC-type injection-locked frequency
divider (ILFD) and a divide-by-4 Ring-type ILFD. Usually, the digital divider can only be used at a few
GHz frequency division. However, at a much higher frequency such as 39GHz, the ILFDs are usually
applied. To divide the 39GHz LO signal, a divide-by-2 LC ILFD is first utilized for low phase-noise
characteristic. The conventional ILFD cannot cover enough locking range due to the degradation of
injection signal at high frequency. As a result, operating frequency band of the detection circuit becomes
narrow.

The magnitude of the down-converted 150KHz signal is detected by a 10-bit SAR ADC and the phase is
detected by a counter-based PDC. Fig. 4 also shows the measurement results of the phase and amplitude
detection accuracy of the proposed calibration system at 39GHz. The phase detection is performed from 0
degree to 360 degree, and amplitude is from -26 to -12 dBm. The measured detection results realize high-
accuracy phase and amplitude detection with the PDC/ADC detection technique. The measured phase and
amplitude detection errors at 39GHz are less than 0.067 degree and 0.060 dB, respectively, and the RMS
detection errors are 0.049 degree and 0.036 dB, respectively. In addition, the wide-band high-accuracy
detection within 37-43.5GHz is achieved. The RMS phase detection error is less than 0.060 degree, and the
RMS amplitude detection error is less than 0.051 dB, respectively.
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