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Abstract

The exponential growth of data traffic demands an improved data access speed in the next-
generation wireless communication networks. Regarding the limited spectrum resource at
the under-10-GHz band, the millimeter-wave spectrum with wide available bandwidth are
ready for realizing high-speed data communication. However, designing high-data-rate
millimeter-wave transceivers with suppressed power and manufacturing costs is extremely
challenging considering the enlarged channel bandwidth and the increased free-space-
path-loss. Thus, area-efficient millimeter-wave transceivers with optimized error vector
magnitude performance are strongly demanded. This thesis presents high-performance
and compact-sized millimeter-wave transceiver solutions to the next-generation local area
and mobile communication networks.

During the past few years, millimeter-wave transceivers implemented in CMOS pro-
cess have been deeply researched due to the high integration level and the reduced manu-
facturing cost. The direct-conversion architecture is also attractive due to the minimized
number of building blocks. However, the LO feed through and I/Q imbalance in such
transceiver architecture will potentially limit the overall EVM. Therefore, this thesis in-
troduces a CMOS transceiver with automatically calibrated LOFT and I/Q imbalance for
short-ranged local area wireless communication. With the proposed compact, low-power
and high-accuracy calibration circuits, the maximum single-carrier mode data-rate of 50.1
Gb/s is realized by the calibrated transceiver in 64-QAM. Also, a 128-QAM data rate of
24.64 Gb/s is achieved with a TX-to-RX EVM of -26.1 dB. Compared with the conven-
tional frequency-interleaving architecture and the polarized MIMO solution, the single-
element transceiver implementation presented in this thesis benefits from the lower power
and manufacturing costs, while maintaining an ultra-high data rate.

To further suppress the chip area considering the MIMO configuration and the beam-
forming implementation, this thesis also presents a CMOS two-element transceiver chip.
Thanks to the bi-directional architecture, The required transceiver die area could be min-
imized to almost half for a decreased manufacturing cost. The proposed gain-boosted
bi-directional amplifier further allows the sharing of interstage passive components. With

the help of the designed PA-LNA, the required area for a single-element transceiver in
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this work is 3 mm? including the pads. The maximum raw data rate realized by this
work is 28.16 Gb/s in 16-QAM. High-data-rate solution with minimized system size and
manufacturing cost is provided for the next-generation WLAN.

Wireless communication capacity improvements for the next-generation mobile com-
munication network is also significant. This thesis introduces a four-element CMOS
phased-array transceiver chip. Accurate beam control with improved steering resolution
and suppressed EIRP degradation is achieved by the LO phase shifting architecture. The
eight-element transceiver module in this work is capable of scanning the beam from —50°
to +50°. At a distance of 5 m, the proposed module demonstrates a maximum data rate
of 15 Gb/s in 64-QAM. A data link of 6.4 Gb/s in 256-QAM is maintained within a scan
angle of —50° to +50°. High-speed and stabilized data communications could be provided
within all beam scan angles.

The millimeter-wave phased-array and MIMO systems for mobile communication
suffer severely from the enlarged array size. The system size, weight along with the man-
ufacturing cost are significantly increased. Thus, this thesis presents a CMOS 4H+4V bi-
directional beamformer chip supporting DP-MIMO. The proposed neutralized bi-directional
amplifier significantly reduces the required on-chip area. An active bi-directional vector-
summing phase shifter is also introduced for improving the phase shifting resolution and
suppressing the power and area consumptions. In a 1-m OTA measurement, a 4x4 sub-
array module supports single-carrier data-rates of 15 Gb/s and 6.4 Gb/s per polarization
in 64-QAM and 256-QAM, respectively. 2x2 DP-MIMO communication with a 400-
MHz channel bandwidth is also achieved with a 64-QAM EVM of 4.9%. Thanks to the
proposed bi-directional architecture, the required on-chip area for a single-element beam-
former is less than 0.6 mm?. Reduced manufacturing cost and compact system size could

be maintained with high data rate.
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Chapter 1
Introduction

Significant evolutions of wireless communication technologies have been experienced by
us during the past few years. Newly introduced applications such as AR/VR applica-
tions and high definition movie streaming have come though to us and providing us with
exciting experiences. Along with the applications, continuous growth on the number of
wireless-connected devices has been observed during the past few years and the speed
will become even faster in the future. Regarding the outgrowth of wireless devices, the
wireless data traffic will also keep increasing exponentially, as predicted in Fig. 1.1 [1].

Therefore, large wireless throughput with low communication latency should be provided

60
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by Cisco
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Figure 1.1: Mobile data traffic growth prediction by Cisco.
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Figure 1.2: Applications at the low frequency band.

by the next-generation wireless communication systems. While, a suppressed manufac-
turing cost should be kept considering the numerous number of connected devices. Wire-
less transceivers satisfying the mentioned key characteristics are required to be developed

and implemented.

Fig. 1.2 shows the under-10-GHz spetrum. Various applications located at this fre-
quency makes the under-10-GHz spectrum extremely crowed. The limited achievable
bandwidth at this frequency therefore can hardly be utilized for multi-Gb/s wireless com-
munication. While, different with the under-10-GHz band, the millimeter-wave spectrum
with much wider available bandwidth is one of the most promising candidates for realiz-
ing the next-generation wireless communication. The spectrum allocation of the incoming
Sth generation mobile network is shown in Fig. 1.3 for explaining the available frequen-
cy resource in millimeter-wave band. A four-times-larger maximum channel bandwidth
could be utilized in the frequency range 2 (FR2, millimeter-wave band) than the coun-
terpart in frequency range 1 (FR1, under-6-GHz band). The wireless communication
capacity could be boosted into the multi-Gb/s region with the millimeter-wave spectrum.

Moreover, developments in complementary metal-oxide-semiconductor (CMOS) pro-
cesses have been taken place during the past few years. CMOS implementations of
millimeter-wave transceivers with high integration level and low manufacturing cost have
been introduced for the wireless local area network (WLAN) applications and the mobile

communication applications [2-24].
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Band Frequency Range Bandwidth | Ch. BW.
71 617 MHz — 698 MHz 81 MHz
44 703 MHz - 803 MHz 100 MHz
66 1710 — 1780 and 2110 - 2200 MHz | 100 MHz 5
e 40 2300 MHz — 2400 MHz 100 MHz 'V'l"z
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cro n257 26.50 GHz — 29.50 GHz 3.00 GHz Mfz
n260 37.00 GHz - 38.60 GHz 1.00 GHz | 400
n260 38.00 GHz — 40.00 GHz 2.00GHz | MHz

Figure 1.3: Frequency bands for the incoming 5G.

1.1 Standards and Regulations for Millimeter-Wave Band

The utilization of millimeter-wave spectrum could significantly boosts the achievable data
rate. Efforts on establishing the standards and regulations for both WLAN and mobile
communication network have been concentrated during the past few years.

Among the millimeter-wave spectrum, the 60-GHz band featuring 14-GHz unlicensed
bandwidth has attracted people’s attention for ultra-high-speed WLAN applications. Ear-
ly in 2001, the Federal Communications Commission (FCC) allowed the unlicensed usage
of 9-GHz bandwidth (57 GHz to 66 GHz) in 60-GHz band for wireless communication
[25]. The available bandwidth is further extended to 14 GHz in 2016 (57 GHz to 71 GHz).
Nowadays, the 60-GHz band has been regulated in various counties around the world in-
cluding USA, Japan, China and Australia. Several standards for commercialization have
been established for this band.

Within the 60-GHz standards, IEEE 802.11ad/WiGig is one of the most promising
standards targeting multi-Gb/s short-ranged and middle-ranged wireless communications.
Fig. 1.4 shows the channel allocation defined in IEEE 802.11ad/WiGig. With the 2.16-
GHz channels in 60-GHz band, up to 7 Gb/s wireless data communication has already
been realized through the devices such as wireless docking stations and WiFi routers.
However, as mentioned in the previous section, the exponential growth of data traffic still
demands a much higher wireless communication speed in the not far future. To satisfy the
future data transmission capacity, IEEE 802.11ay is the standard to additionally extend
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Figure 1.5: Usage scenarios for middle-ranged and short-ranged wireless communica-
tions.

the data-rate to over 28 Gb/s. Fig. 1.4 also summarizes the channels defined in IEEE
802.11ay. Basically, the wireless data capacity evolution is taken place in three directions:
wider bandwidth, high-order modulation schemes, and spatial multiplexing. Fist of all,
the channel bonding technique will be applied to broaden the available signal bandwidth
in IEEE 802.11ay. A raw data rate of 42.24 Gb/s could be realized considering 64-QAM
4-channel bonding. Besides the channel-bonding technique, a higher order modulation
scheme such as 128 QAM is always desirable to further increase the spectrum efficiency.
Last but not least, the multiple-in-multiple-out (MIMO) technique will also be utilized for
improving the wireless throughput with additional data streams.

In summary, IEEE 802.11ay using the 60-GHz band is ready to extend the WLAN
capacity to over 20 Gb/s. Short-ranged and middle-ranged applications such as ultra-
short-range (USR) communications and 8K ultra-high-definition (UHD) movies stream-

ing shown in Fig. 1.5 will be supported in the not future.
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Figure 1.6: (a) 28-GHz spectrum allocation for 5G usage in various countries and (b) 5G
NR band n257.

Evolutions of data access speed will also occur in the long-ranged mobile communi-
cation networks. The incoming 5G new radio (NR) regulated by the 3rd Generation Part-
nership Project (3GPP) utilizes the millimeter-wave spectrum to provide high-throughput
and low-latency experiences. As already mentioned in the previous section, the newly
regulated frequency bands in FR2 feature a lager total available bandwidth and a wider
channel bandwidth. The mobile communication capacity could be significantly improved
with the 400-MHz maximum channel bandwidth and the orthogonal frequency-division
multiplexing (OFDM) technique. Within the FR2, attentions have been focused on the
28-GHz band due to its availability in various countries (Fig. 1.6). The beamforming
technique based on the phased-array implementation and the MIMO technique in 5G NR
are going to deliver multiple streams with several-Gb/s data rate over a long communica-

tion distance.

1.2 CMOS Millimeter-Wave Transceivers

Benefits have been brought to the millimeter-wave wireless transceivers by the fast-evolving
CMOS technology. The compound semiconductors are utilized in the past for the millimeter-
wave transceiver design due to the devices with high operating frequency. However, such
transceiver systems consisting of compound semiconductor components suffer from lim-
ited integration level, expensive manufacturing cost and additional packaging cost. Fig.
1.7 demonstrates the roadmap for CMOS technology according to the 2013 Internation-

al Technology Roadmap for Semiconductors [26]. The improving maximum oscillation
frequency (fmax) Of the transistors in CMOS process against the gate length enables the
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transceiver front-end design at the millimeter-wave region. Highly integrated millimeter-
wave transceiver systems including the RF front-end, analog baseband and digital base-

band circuits could be realized for an minimized manufacturing and packaging costs [10-
12].

1.3 Overview of the Thesis

This thesis is developed to present the millimeter-wave transceivers designed for the next-
generation wireless communication. In order to achieve high data rate, key ideas are intro-
duced for optimizing the system performance. Moreover, to suppress the manufacturing
cost regarding the massive production, the process-level, transceiver-architecture-level,
and circuit-level considerations are included in the design progress. Reduced on-chip
area and a compact system could be achieved while maintaining a high data rate. The
wireless capacity in both the next-generation WLAN and the next-generation mobile net-
work could be significantly improved with minimized costs.

Fig. 1.8 shows the chapter organization of this thesis. Chapter 2 introduces the de-
tailed design parameters for millimeter-wave transceivers. Design challenges for millimeter-
wave transceivers are also concluded in Chapter 2. Transceivers introduced in Chapter
3 and Chapter 4 targets the short-range and middle-range scenarios in WLAN, while
transceivers in Chapter 5 and Chapter 6 are designed for the long-range communications
in mobile network.
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Figure 1.8: Organization of this thesis.

Chapter 3 presents an LOFT and IMRR calibrated transceiver. A compact, accurate
and low-power calibration block is introduced in this chapter. Chapter 4 demonstrates an
area-efficient transceiver. A bi-directional technique is proposed with compensated RF
path gain. Chapter 5 introduces a phased-array transceiver with accurate beam control.
Suppressed gain and phase errors could be realized with the LO phase shifting architec-
ture. Chapter 6 shows an area-efficient phased-array transceiver supporting dual-polarized
MIMO. A neutralized bi-directional technique is adopted for an improved gain character-
istic and an optimized stability.

Finally, this thesis is concluded in Chapter 7. Several future directions are also intro-
duced in Chapter 7.
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Chapter 2

Challenges for Millimeter-Wave

Transceivers

With respect to the limited spectrum resource at the low frequency band, the millimeter-
wave spectrum with wider available bandwidth will be utilized for the next-generation
WLAN and mobile communication network. The much wider channel bandwidth and
the complex modulation schemes help to improve the wireless communication capaci-
ty. However, to realize a high-performance millimeter-wave transceiver within a limited
power and manufacturing costs, various design issues are still required to be addressed.
This chapter will introduce the design challenges and the corresponding considerations

for a millimeter-wave transceiver.

2.1 Error Vector Magnitude

Considerable spectrum resource could be utilized in the millimeter-wave band for im-
proving the wireless capacity. The complex modulation schemes with higher order such
as 64-QAM and 128-QAM will also be employed. However, small enough error vec-
tor magnitude (EVM) should be maintained from the transmitter to the receiver for such
modulation schemes after the demodulation. Thus, improving the system EVM is one
of the most important design challenges for the millimeter-wave transceivers. Basically,
increasing the modulation order requires an improvement to the system EVM. Fig. 2.1
shows the EVM requirement against the bit error rate (BER) regarding different modula-
tion schemes. To realize a BER of 1073, EVMs of -22.5 dB, -25.5 dB and -28.4 dB are
required for 64-QAM, 128-QAM and 256-QAM, respectively, through the transmitter to
the receiver. The transceiver design progress becomes extremely challenging regarding

the limited power and cost budgets. During the recent years, the direct-conversion archi-
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Figure 2.1: Required EVM against BER with different modulation schemes.

tecture is widely adopted for the millimeter-wave transceivers [10, 13, 15, 23, 27-30].
The reduced number of building blocks due to the system simplicity helps to achieve a
compact and low-power system. To look into the detailed transceiver design parameter-
s, the following equation could be utilized to represent the EVM of a direct-conversion
transceiver EVMrrx [31]:

1 2 2 2 2 2.1
EVMmrx =~ W + @ rMs T EVMLOFT + EVMImage + EVMFlat :
where SNDR represents the signal-to-noise and distortion ratio, ¢y Stands for the in-
tegrated double-sideband (DSB) phase noise of the carrier. EVM{opr, EVMjp,. and
EVMg, denote the EVMs caused by the LOFT, the I/Q imbalance and the in-band gain

response variation.

System SNDR optimization is very important to millimeter-wave transceivers. The
much wider channel bandwidth significantly increases the input noise floor. If we take the
5G NR application mentioned in Chapter 1 for example, an 6-dB noise floor increasement
could be calculated regarding the 100-MHz channel bandwidth in FR1 and the 400-MHz
channel bandwidth in FR2. As a result, to maintain enough transceiver EVM, careful
design considerations and evaluations will be required for the gain level, linearity and

noise figure.
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Moreover, the increased requirement on EVM will demand a lower phase noise of the
RF phase-locked loop (PLL). Usually, the usage of baseband carrier tracking circuit can
suppress the influence of phase noise. However, for OFDM-mode data transmission, the
carrier tracking bandwidth will be limited by the sub-carrier spacing. Therefore, stringent
phase noise requirements are still need to be satisfied. While on the other hand, the phase
noise requirement for single-carrier (SC) mode data transmission can be relaxed due to
the wider carrier tracking bandwidth.

Additionally, for transceivers based on the direct-conversion architecture, the LO
feedthrough (LOFT) from the mixer mismatch and the image signal from the I/Q im-
balance will fall inside the operating bandwidth. The system EVM performance will
be potentially degraded. Regarding the complex modulation schemes, special attention-
s should be paid to the LOFT and I/Q imbalance cancellation regarding the modulation
schemes.

2.2 Communication Distance Extension

Link budget estimation is usually necessary for wireless data communications. As men-
tioned in the previous section, enough EVM should be maintained after the path loss from

the transmitter side to the receiver side. It is well-known, the free-space-path-loss (FSPL)
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could be represented with the following equation:

4D
FSPL = 20log(-"2/ 2.2)
C

In the equation, D, f and c are the communication distance, signal frequency and speed
of light, respectively. Against the increasing frequency, rapid growth in FSPL will be
induced to the millimeter-wave spectrum. Sequently, beamforming technique for extend-
ing the communication distance will be significantly important for middle-ranged and
long-ranged wireless applications such as mobile data transmission. As shown in Fig.
2.2, by implementing couples of element-transmitters with different phase shifting, the
radiated signal will be added in phase at the receiver antenna. Regarding a certain beam
direction 6, the required phase shifting ¢ between different element-transmitters for a

half-wavelength-spaced linear array could be expressed with the following equation:
¢ = k¢d sin 6 2.3)

where k¢ represents the propagation constant for frequency f. Due to the in-phase magni-
tudes added at the receiver input, additional array gain could be provided by the transmit-
ter array. For a Nyx-element linear array, the array gain Grxaray could be calculated with
20logNrx.

Similar to the transmitter array, multiple receivers can also be configured into the
receiver array for an improved receiving signal level. The received signals from different
element-receivers will be added at the combine point in amplitude, which results in a
20logNgx receiving power improvement. However, different from the transmitter array,
the received noise floor from different element-receiver will also be added at the combine
point. As a result, when the input noise from different element-receivers are not co-
related with each other, an SNR improvement of Grxarray = 10logNgx could be achieved

by a Nrx-element receiver array.

From the analysis mentioned above, the array size requirement for covering a certain
communication distance D with the beamforming technique could be derived. Regarding

a certain modulation scheme, the following equation should be satisfied:

P out(dBm) + GTXant(dB) + GTXarray(dB) + GRXarray(dB) + GRXant(dB)
— FS PL(dB) — NoiseFloor(dBm) > S NRgequirea(dB)

(2.4)

In the equation, P, is the output power for the element-transmitter. Appropriate power
back-off regarding the required EVM for a certain modulation scheme should be included

in Poy. Grxane and Grxane are the antenna gains for transmitter and receiver including



2.2 Communication Distance Extension

13

IEEE 802.11ad

|EEE 802.11ay

1-ch.: 2.16GHz

o Channel Bandwidth 2.16GHz 2-bonded ch.: 4.32GHz
_cg 4-bonded ch.: 8.64GHz
&| Modulation (SC) 16QAM (MCS20) | 64QAM* (MCS17) 128QAM*
"
TX EVM (SC) -19.0dB -24.0dB* -*
TX-to-RX EVM (SC)** -16.5dB -22.5dB -25.5dB
LOFT Supp. -26.5dB -32.5dB -35.5dB
o -32.5dB -35.5dB
g IMRR -26.5dB Fes<0.88GHz(1-ch) | Fae<0.88GHz(1-ch.)
— Fee< 0.88GHz Fge<1.76GHz(2-ch.) Fge<1.76GHz(2-ch.)
c Fgg<3.52GHz(4-ch.) Fg<3.52GHz(4-ch.)
(@]
Bl VQ Mag. Mismatch <0.8dB <0.4dB <0.3dB
()]
I/Q Phase Mismatch <5° <3 <2°
. 16QAM: -90dBc/Hz 64QAM: -96 dBc/Hz@1MHz
Phase Noise (OFDM) @1MHz 128QAM: -99 dBc/Hz@1MHz

* Modulation schemesand required EVMsfor IEEE 802  .11ay are still under discussion
** TX-to-RX EVM is defined with BER of 10 -2andis equalto —~SNR (MER).

Figure 2.3: Summary of requirement and design target for IEEE 802.11ad/ay

the implementation loss. The NoiseFloor in the equation represents the input noise floor
for the receiver. It can be found from the equation that the term in the left-hand side is
the receiving SNR level. To successfully maintain the data communication, the receiving
SNR level should be larger than the required receiver SNR level. Therefore, appropriate
array sizes could be estimated based on the above analysis.

Besides the array size, other factors such as receiver linearity, transmitter power-added
efficiency, on-chip area and antenna sharing should also be taken into consideration for a
high-performance, low-cost and compact phased-array system. Also, regarding the spe-
cific applications, the transceiver system requirements can be quite different due to the
different usage scenarios. The remaining part of this chapter will introduce the specific
design challenges for the next-generation WLAN standard IEEE 802.11ay and the next-
generation mobile network 5G NR.
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2.3 Challenges for IEEE 802.11ay Transceivers

As introduced in Chapter 1, IEEE 802.11ay features a maximum channel bandwidth of
2.16 GHz. With the channel bonding technique, a maximum channel-bonding bandwidth
of 8.64 GHz could be available. Several important usage scenarios for the IEEE 802.11ay
standard include the USR data transfer, 8K UHD movies streaming and data center 11ay
inter-rack connectivity. As mentioned in the previous section, design considerations for
optimizing the system EVM regarding a wider channel bandwidth and a higher modula-
tion scheme will be critical for realizing high data rate. Also an area- and power-efficient
design is always demanded by commercial usages.

Fig. 2.3 summarizes the requirements from the IEEE 802.11ad/ay and the design
targets. Due to the different modulation schemes and different channel bandwidths defined
in IEEE 802.11ad and IEEE 802.11ay, the system requirements will also be different for
these two standards. As mentioned previously, higher order modulation schemes basically
demand higher EVMs. For streaming the data with modulation schemes of 64-QAM or
128-QAM regarding a BER of 1073, TX-to-RX EVMs of -22.5 dB and -25.5 dB will be
required to be maintained. In this condition, the 2.16-GHz channel bandwidth in IEEE
802.11ad results in a much higher noise floor. Regarding the bonded channels in IEEE
802.11ay, the input noise level for an IEEE 802.11ay application can be even 6 dB higher
than an IEEE 802.11ad one. Thus, the SNDR optimization of a transceiver becomes
essential within a limited power budget.

Additionally, the increased bandwidth also puts more pressures on the gain flatness
of a single-carrier transceiver. A 2.8-dB gain variation within the 8.64-GHz bandwidth
can lead to a -16.5-dB EVMg,, [31], which severely limits the overall EVM. Although
the utilization of an equalizer at the receiver side can minimize the gain variation, a flat
frequency response is still desirable for a wide-band transceiver.

Moreover, a minimized phase noise performance of the PLL is also required for sup-
porting the OFDM mode communication. With a 400-kHz carrier tracking bandwidth,
the phase noises of -96 dBc/Hz and -99 dBc/Hz at 1-MHz offset will be required for 64
QAM and 128 QAM, respectively [32].

2.3.1 LOFT and I/Q Imbalance Cancellation

As mentioned in the previous section, direct-conversion transceivers suffer terribly from
the LOFT and I/Q imbalance. Thus, to improve the yields, an on-chip calibration block
for LOFT suppression and image rejection ratio (IMRR) is usually essential [10, 33].
[10] introduces a transceiver chipset developed for IEEE 802.11ad with a built-in self-
calibration circuit. The LOFT suppression and IMRR in [10] are calibrated by reusing the



2.3 Challenges for IEEE 802.11ay Transceivers 15

XI HI=H((A))
A, ® LPF e Vin 1=
Ocal VBB COS wBBt
al.
%—o VLO COos (I)Lot
H .
VioAALo sin(wyot + A@yo)
% LPF _o Vin_Q=
XQ H o= VBB sin wBBt
Q=
H(w)AABB (w)ej(PBB(w)

Figure 2.4: I/Q imbalance and RF domain compensation for direct-conversion transceiver.

60
250
2,
5 40
s 30 ®(=3.52GHz X 2T
E @ baseband
c 20 | [—&,Mismatch=0.5%
m 10 | = o Mismatch=1.0%
0 = ) Mismatch=2.0%
0 'l 'l ]
56.56 59.06 61.56 64.06 66.56

Freq. [GHZz]

Figure 2.5: Simulated frequency-dependent IMRR with different I/Q cut-off frequency
mismatch.

5-bit 3.52 GS/s baseband ADCs. However, the IEEE 802.11ay standard demands a much
more rigorous level for the in-band LOFT suppression and IMRR. Whereas, applying the
same calibration method to an IEEE 802.11ay transceiver will result in severe inaccuracy
and even higher power consumption. Therefore, calibration circuits designed for IEEE
802.11ay demands an accuracy improvement along with a small enough power and area
overhead.

Regarding the specific requirements from Fig. 2.3, both the LOFT suppression and
the IMRR after calibration should be higher than 32.5 dB for 64-QAM and 35.5 dB for
128-QAM within the signal bandwidth. Due to the fixed frequency of the LOFT, im-
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provements for LOFT suppression could be achieved by increasing the resolution of the
detection circuits and the tuning circuits. Although, the suppressed LOFT will be degrad-
ed over the temperature variation, methods such as background calibration could be in-
troduced for addressing this issue. While, regarding the 1/Q imbalance cancellation, more
design considerations are required. According to Fig. 2.3, the I/Q magnitude mismatches
of less than 0.4 dB and 0.3 dB along with the I/Q phase mismatches of less than 3° and
2° are required for 64-QAM and 128-QAM, respectively. Circuits supporting such high-
resolution magnitude and phase tuning will be required to compensate the 1/Q imbalance.
Usually, the I/Q imbalance of a receiver can be compensated by the digital signal process-
ing (DSP) circuit [34, 35], while for the transmitter, a standalone block for detection and
calibration is required. For saving power, an RF domain calibration is usually adopted to
calibrate the 1/Q imbalance [13]. Fig. 2.4 shows the I/Q imbalance in a transceiver and
the corresponding RF domain compensation. From Fig. 2.4, the IMRR can be calculated

by comparing the magnitudes of the (wy o — wpp) and (w; o + wpp) components:

A? + AA’AY + 2AAA1Aq cos (Ap — Agca)

IMRR| = | —
AZ + A2AY — 2AAA1Aq cos (Ag — Agca)

(2.5)

In the equation, AA(w) = AALoAAgg(w) is the I/Q magnitude mismatch from the
baseband and the LO. While, Ap(w) = Agro +Appp(w) is the I/Q phase mismatch. Ay, Aq
and Ag., represent the magnitude and phase calibration parameters from the calibration
circuit. By selecting the Ay, Ag and ¢, properly, the I/Q imbalance can be compensated at
an RF frequency of (w o—wgg). However, the calibrated IMRR will degrade rapidly when
approaching the pass-band edge of the baseband LPF. The main reason for the degradation
is because of the frequency-dependent I/Q imbalance caused by the mismatch between
an I path LPF and a Q path LPF [36]. Fig. 2.5 demonstrates the simulated frequency-
dependent IMRR (FD-IMRR) with a mismatched cut-off frequency w, between the I and
Q path LPFs. Regarding the degraded IMRR from the baseband, even more margins
should be included in an RF domain calibration circuit. A larger than 50-dBc detection
accuracy will be required for achieving 64-QAM and 128-QAM, which corresponding to
a more than 50-dBc detection path sensitivity and a more than 9-bit detection ADC. Fig.
2.5 also implies that the calibration frequency for an RF domain compensation should be
selected near the carrier frequency because of the low enough influence from the baseband
frequency-dependent I/Q imbalance there. Usually, the cut-off frequency w, mismatch
will depend on the layout. Regarding a severe w, mismatch, the overall EVM will be
influenced by the image signal. I/Q compensation techniques [37] at the baseband should

be considered.
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Figure 2.6: Link budget for a data transmission in 128-QAM.

2.3.2 Manufacturing Cost

Besides the system EVM, a compact system size, weight and a suppressed manufacturing
cost are always desirable considering the massive production. For short-ranged usage sce-
narios such as USR communications, the system size and on-chip area requirements could
be relaxed due to the limited number of the required element-transceivers. Fig. 2.6 shows
a link budget example for the USR data transfer. A CMOS transmitter output power of 4
dBm is assumed in this estimation. The modulation scheme is set to be 128-QAM. After
receiving the signal, still 3-dB SNDR margin is remained for the down-conversion and
demodulation. A data communication in 128-QAM with a 1-channel bandwidth can be
supported in a maximum communication distance of 18 cm. To establish a data link with-

in such a short distance, a single-element transceiver implementation is already enough.

While, considering applications such as streaming the 8K UHD movies, the commu-
nication distance needs to be extended. Regarding the increased FSPL of the 60-GHz
spectrum, the phased-array transceiver implementation is required. Moreover, for main-
taining a high data rate after extending the communication distance, MIMO technique
is also one of the most critical techniques for the IEEE 802.11ay. Fig. 2.7 shows the
link budget estimation for the usage scenario mentioned above. The communication dis-
tance is estimated to be 5 m in consideration of streaming the movie at home. To cover
the distance, an array size of 16 is selected for both the transmitter and receiver arrays.
A 2x2 MIMO configuration is applied to boost the data rate. The modulation scheme
is 16-QAM (MCS12). With the coding rate of 0.5, a data rate of 28.16 Gb/s could be

estimated with a four-bonded channel. After the receiving, larger than 21-dB signal-to-
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Figure 2.7: Link budget example for streaming 8K UHD movies.

noise ratio (SNR) including the margin can still be maintained for the down-conversion
and the demodulation. However, for supporting such a data link, the required number of
element-transceivers is doubled due to the 2x2 MIMO configuration. Totally 32 element-
transceivers and 64 antennas will be required when there is no TRX switches. As a result,
an area-efficient transceiver design along with a compact antenna sharing solution will be
extremely necessary for the future WLAN.

2.4 Challenges for SG NR Phased-Array Transceivers

Significantly improved mobile data access speed will be provided by the incoming 5G.
Similar to the WLAN communication, the millimeter-wave spectrum also plays an im-
portant role in the future 5G. Techniques such as beamforming, MIMO will be applied
for extending the mobile communication capacity to over 10 Gby/s.

However, realizing a 5G millimeter-wave phased-array transceiver also need to ad-
dress various issues. Firstly, due to the enlarged FSPL, a larger array size will be demand-
ed for covering a long communication distance. Therefore, maintaining a stabilized and

high-speed data link within 360° beam angle becomes challenging due to the narrower
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Figure 2.8: Link budget examples for (a) 5G downlink and (b) 5G uplink.

beamwidth. Moreover, if without careful design, the sidelobe and the radiated spurious
will generate potential blockers in the space. Accurate beam control with suppressed
spurious radiation will be essential for providing stabilized data links. Secondly, Simi-
lar to the 60-GHz transceivers, considerations on the NF, linearity and gain flatness for
optimizing the EVM are also necessary for 5G millimeter-wave phased-array transceiver.
An optimized EVM performance over a long communication distance will be required
to be supported over all beam angles. Finally, realizing a compact system size with sup-

pressed manufacturing cost is also challenging for a 5G phased-array transceiver due to
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the numerous number of elements.

2.4.1 Array Size

To obtain sufficient 5G communication distance, a large array size is required for 5G
base station (BS) using a CMOS millimeter-wave phased-array transceiver. The 5G NR
standard allows a maximum equivalent isotropic radiated power (EIRP) of 75 dBm/100
MHz to the base station and 43 dBm to user equipment (UE) [38]. Usually, the differential
topology power amplifier (PA) is adopted in the 5G transmitter for a larger power delivery.
Within a reasonable power consumption, a single-element transmitter output power of
around 12 dBm (antenna gain included) can be realized for modulation schemes like 64-
QAM or 256-QAM in CMOS process [39, 40]. Thus, an array size of over 256 will be
required to realize a 60-dBm EIRP. Fig. 2.8 shows link budget examples for a 400-MHz
downlink in 256-QAM and a 200-MHz uplink in 16-QAM. The array sizes are 256 for the
BS and 4 for the UE. The communication distance is 700 m, which corresponds to a line-
of-sight (LOS) FSPL of 117 dB at 28 GHz. After receiving, the downlink and the uplink
still maintain SNRs over 31.4 dB and 21 dB for the down-conversion and demodulation,
respectively.
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2.4.2 Beam-Steering Resolution

Large-sized millimeter-wave phased-array transceivers with narrow beam width are re-
quired in 5G. Insufficient beam-steering resolution in such a large-sized array will cause
SNR degradation [3]. Fig. 2.9 shows the calculated maximum array factor (AF) degrada-
tion against the horizontal beam-steering resolution for a 256-element array. Considering
complex modulation schemes, such as 64-QAM and 256-QAM, the degradation from AF
should be kept under 0.1 dB. From Fig. 2.9, a horizontal beam-steering resolution of 1.2°
is necessary for a 16x16 array. However, for array sizes of 64x4 and 32x8, a less than 1°
resolution, corresponding to a phase tuning resolution larger than 6 bits, will be required.
The beam-steering resolution improvement can be achieved by using the averaging effect
of a large-sized array, which relieves the requirement on the phase shifting resolution.
However, the potentially degraded sidelobe suppression will result in unwanted interfer-
ence over the whole space [2]. As a result, improvements in the beam-steering resolution
and the phase shifting resolution will be required for the 5G phase array transceivers.
The related gain error, phase error, power consumption and area consumption should be

minimized.

2.4.3 System Size and Manufacturing Cost

Due to the communication distance and the large array size, optimizations on the system
size and the die area for a 5G phased-array transceiver become even more important than
a 60-GHz IEEE 802.11ay transceiver. Additionally, the single-user MIMO (SU-MIMO)
and the multi-user MIMO (MU-MIMO) are both required to be supported by the 5G. If
we consider 256 element-transmitters for each data stream, totally over 2000 antennas and
over 2000 element-transceivers will be required for supporting the MIMO configuration
of up to 8 layers. Unreasonable system size and manufacturing cost will be induced
even with the help of the antenna sharing networks. As a result, designing a CMOS 5G
array system not only need to consider the reduced RF path gain and the parasitics from
the silicon-based CMOS process, but also need to deal with the significantly increased

system size along with manufacturing cost.
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Chapter 3

LOFT and I/Q Imbalance Calibrated
Transceiver

To increase the future wireless communication capacity in WLAN applications, the in-
coming IEEE 802.11ay standard allows the channel bonding among the channels defined
in the 60-GHz band. As mentioned in Chapter 1, a maximum raw data rate of 42.24 Gb/s
in 64-QAM can be achieved with a four-bonded channel. However, various challenges
are still need to be addressed for realizing such high data rate within a reasonable power

budget and a limited manufacturing cost.

Efforts have been concentrated on realizing 60-GHz CMOS transceivers with extreme-
ly high data rate during the past few years [10-24]. Recent research includes a transceiv-
er implementation utilizing a dual-polarized multiple-in and multiple-out (DP-MIMO)
technique [12]. 27.8 Gb/s in 16-QAM is achieved by doubling the data-rate in a single-
polarization stream. Also, A frequency-interleaved (FI) transceiver is reported in [15].
The primary purpose is to relieve the EVM requirement for a single-element transceiver.
A 4-channel bonding data-rate of 42.24 Gb/s is realized with two transceiver elements.
However, both two works mentioned above suffer from large power consumption due
to an additional front-end element. Also, two other 7.04 GS/s analog-to-digital convert-
ers (ADCs) will be required at the baseband, which makes the architectures even more
power-hungry. Furthermore, the additional transceiver element occupying redundant on-
chip area will in turn increase the manufacturing cost. Although realizing the 4-channel
bonding with a single-element transceiver requires a 14.08 GS/s time-interleaved ADC, a
power consumption of 69.5 mW for a 20 GS/s 6-bit ADC is still reasonable considering
the whole system power budget [41]. The single-element transceiver implementation also
helps to suppress the total cost of the system.

Due to the system simplicity, direct-conversion architecture is attractive for achieving
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Figure 3.1: Block diagrams of (a) the traditional calibration method for LOFT and image
calibration, (b) the proposed calibration method.

60-GHz transceivers with low manufacturing cost [10, 13, 15, 23, 27-30]. The power
consumption could also be reduced by the limited number of transceiver building blocks.
However, as mentioned in Chapter 2, such kind of transceiver suffers terribly from the
LOFT and I/Q imbalance. For improving EVM, the LOFT and image signal are required
to be well-suppressed. Usually, to improve the yields, an on-chip calibration block for
LOFT suppression and IMRR is essential [10, 33]. [10] introduces a transceiver chipset
developed for IEEE 802.11ad with a built-in self-calibration circuit. The LOFT suppres-
sion and IMRR in [10] are calibrated by reusing the 5-bit 3.52 GS/s baseband ADCs.
Whereas, applying the same calibration method to an IEEE 802.11ay transceiver will
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result in severe inaccuracy and even higher power consumption. Therefore, calibration
circuits designed for IEEE 802.11ay demands an accuracy improvement along with a

small enough power and area overhead.

To address the issue mentioned above, a 60-GHz CMOS transceiver designed for the
IEEE 802.11ad/ay is introduced in this chapter. A compact calibration block featuring
high accuracy and low power consumption for LOFT and I/Q imbalance is presented.
Thanks to the suppressed impairments by the proposed calibration, the transceiver realizes
a single-carrier (SC) mode data-rate of 24.64 Gb/s in 128-QAM with a TX-to-RX EVM
of -26.1 dB. A 4-channel bonding raw data-rate of 42.24 Gb/s is also achieved by the
calibrated transceiver. The maximum data-rate realized by this work is 50.1 Gb/s with
8.35-GSymbol/s symbol rate in 64-QAM. Higher-order modulation schemes and broader
signal bandwidth are realized for a significantly increased data-rate. At the same time, the

power and area costs are well-suppressed for the next generation WLAN system.
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Figure 3.3: Block diagram of the proposed 60-GHz transceiver.

3.1 Proposed LOFT and I/Q Imbalance Calibration Ar-
chitecture

Fig. 3.1(a) shows the traditional calibration method for LOFT and I/Q imbalance calibra-
tion [10]. In [10], the LOFT and image signal after detection are directly processed by
the ADC and the fast Fourier transformer (FFT) circuit. A 5-bit baseband ADC for I/Q
demodulation is reused due to power saving. Although the traditional method includes a
FD-IMRR calibration, poor resolution of the ADC still leads to a severe calibration inac-
curacy. Accuracy improvement in the traditional approach can be realized with a higher
resolution detection ADC. However, the cost is the increased power consumption and
on-chip area. Fig. 3.1(b) shows the proposed calibration method. In this work, a small
portion of the TX output will be coupled to the input of the detector. If a baseband test-
tone signal with a frequency of wgp 1s assumed, LOFT and image signal frequency will
be detected at wgp and 2wgg. Different from the traditional method, the detected LOFT
and image signal will be down-converted to DC by an area-efficient quad-phase mixer.
Thus, two 10-bit, 10 MS/s successive approximation (SAR) ADCs can be utilized for a
quick and accurate calibration. Compared with the 67-mW ADC and the power-hungry



3.2 Circuit Implementation 27

TX Up-COﬁversion RF Buffer PA Board Loss Total
Mixer
Power Gain [dB] -13.00 3.00 28.70 -9.80
Cumulative Gain [dB] -13.00 -10.00 18.70 8.90 8.90
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Figure 3.4: Level diagram design of the proposed transceiver.

FFT logic circuit utilized in the traditional method [10], the calibration block in this work
only consumes 3.1 mW and 0.2-mm? area. Power-efficient and high-accuracy calibration

is realized with a compact chip size.

As mentioned in Chapter 2, the FD-IMRR due to the baseband cutoff frequency mis-
match can limit the system EVM. The proposed calibration method can also be applied
for FD-IMRR calibration. The block diagram of the FD-IMRR calibration is shown in
Fig. 3.2. With a series of frequency dividers for covering the required calibration LO fre-
quencies, the proposed circuit can support the baseband frequency sweep. The FD-IMRR
due to the baseband cut-off frequency mismatch can be compensated by the capacitance
tuning [10]. In this condition, a wide operating bandwidth will be required for the detec-
tor. Regarding the potentially degraded frequency response of the detector, the NF of the
calibration path can be improved by applying a pre-amplifier before the detector.

3.2 Circuit Implementation

Fig. 3.3 shows the topology of the proposed direct-conversion 60-GHz transceiver. The
transmitter in this work consists of a 5-stage PA, I/Q RF variable gain amplifiers (VGAs)
and I/Q double-balanced passive mixers. The receiver consists of a 5-stage low noise
amplifier (LNA), I/Q RF VGAs, I/Q double-balanced active mixers and I/Q baseband
amplifiers. The transceiver design in this work mainly focuses on ch.1 to ch.4 defined
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Figure 3.5: Circuit schematic of (a) the coupler, the detector and the VGA, (b) the quad-
phase mixer and the low-pass filter.

in IEEE802.11ay. The LO generation in this work is realized by a quadrature injection-
locked oscillator (QILO) with injection from a 20-GHz sub-sampling PLL [32]. The LO
chain is capable of generating every required carrier frequencies including the channel
bonding. To minimize the LOFT and I/Q imbalance of the transmitter, a calibration block
mentioned in Section 3.1 is integrated with the transceiver. The transceiver system level
design is shown in Fig. 3.4. Enough design margin is included in consideration of 64-
QAM four-channel-bonding operation.
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Figure 3.7: Simulated (a) conversion gain and (b) noise figure of the proposed calibration
block against the input impairment frequency of the TX.

3.2.1 Calibration Block

Fig. 3.5(a) shows the circuit schematics for the coupler, detector and variable gain ampli-
fier in the calibration path. Conventional couplers for detection usually utilize the quarter-

wavelength coupled-line architecture [10, 42]. However, such couplers suffer from high



30 LOFT and I/Q Imbalance Calibrated Transceiver

50 50
= T=271C || @
m m
—.=T=85¢ || ©

E 40 " / ',‘\ o T:_40°c ‘—'40
a / a

Z 30 Z 30
0 n
©

@ 20 220 |

o o
S . >

£ 10 £10
7 N

o W 0

0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70
LOFT Supp. [dB] IMRR [dB]
() (b)

Figure 3.8: Simulated SNDR of the calibration path against (a) LOFT suppression and
(b) IMRR.

RI:outp RFoutn

o |, | L

) ) DAC
sep 4 BBn

(a) (b)

Figure 3.9: Circuit schematic of (a) the 60-GHz up-conversion mixer and (b) the 60-GHz
variable-gain amplifier.

insertion-loss at RF path, which will significantly degrade the linearity performance of the

TX. Additionally, large on-chip area will be consumed by the quarter-wavelength lines.
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In this work, an area-efficient coupler based on the transmission line (TL) is adopted. In-
stead of the lossy quarter-wavelength lines, the coupling in this work is realized by the
shunt TL stub matching. The power is splitted at the branch point. After the following
matching networks for the antenna side and the coupler side, the power of Prxupu and
PpeTnpue Will be delivered to the detector and the output of the TX, respectively. The
simulated coupling ratio and the insertion loss for the PA are shown in Fig. 3.6. Within a
frequency range of 57.24 to 65.88 GHz, the insertion loss for the TX is always less than
0.42 dB with a coupling ratio of larger than 17.5 dBc. The required area for this coupler
is only 0.025 mm?.

The detector circuit used in this work is based on a diode-connected transistor. A
0.35-V bias is chosen to achieve the highest second-order output. The VGA circuit is
realized with a non-inverting amplifier. A DC block is inserted between the detector and
the VGA to filter out the DC component generated by self-mixing. The signal output from
the VGA will be sent to a mixer for down-conversion.

Fig. 3.5(b) shows the circuit schematic of the down-conversion mixer together with
the first-order LPF. The 3dB-bandwidth of the LPF is designed to be 316 kHz, which only
allows the DC component transferred to the ADC. Due to the random phase of the input
signal, utilizing a single-phase LO for the down-conversion will lead to a time-variant DC
level. As a result, a quad-phase down-conversion is adopted in this work to minimize the
SNR degradation in the calibration path. If a mixer input signal of Vg cos(w? + ¢) and
a quad-phase LO are assumed, the detected signal strength can be derived from the I/Q



32 LOFT and I/Q Imbalance Calibrated Transceiver

60 60
Before Cal. After Cal.
o 50 o 50
S h=A
14
o 40 &: 40
= =
ué. 30 f E' 30
—Q=18 —Q=18
& 20 —Q=13 @ 20 —Q=13
10 . z . . 10 . . . .
56.56 58.56 60.56 62.56 64.56 66.56 56.56 58.56 60.56 62.56 64.56 66.56
Frequency [GHz] Frequency [GHz]
(a) (b)
8 @ 60
h=A
— 6 - m
= & 50
p 4 /\ =
© [m]
g: A = a0
S o A o
" o 30
& 2t & —Before Cal.
g — After Cal.
-4 o 20 : .

56.56 58.56 60.56 62.56 64.56 66.56 56.56 58.56 60.56 62.56 64.56 66.56
Frequency [GHz] Frequency [GHz]

(c) (d)
Figure 3.11: IMRR due to the RF domain frequency-dependent I/Q mismatch (a) before

the proposed cal. and (b) after the proposed cal. The simulated (c) RF VGA gain and (d)
RF FD-IMRR before and after the proposed calibration.

output voltages.

+ V2
ou_Q (3.1)

= 2VLOVRF vV sin (p2 + COS 902 = ZVLOVRF

It can be found from the above equation that the signal strength is no longer a function of

Signal S trength = |V?

out_I

the input phase. Quick and accurate detection can be realized.

Besides the constant magnitude detection, the calibration path still needs to achieve
the required 50-dBc detection sensitivity. In this work, the calibration LOs (wgg or 2wgg)
are generated from the 20-GHz PLL. The PLL output in this work is divided by ratios
of 192 for the LOFT calibration and 96 for the IMRR calibration. As a result, when the
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transmitter is operating at ch. 2.5 (LO frequency: 61.56 GHz, PLL output frequency:
20.52 GHz), the required baseband test-tone frequency will be 107 MHz. Fig. 3.7 shows
the simulated conversion gain and noise figure of the calibration path against the input
LOFT or image frequency. The TX RF output frequency is kept with 61.667 GHz consid-
ering the 107-MHz baseband test-tone. While, the TX output power is kept with O dBm.
With three different temperature conditions (27 °C, 85 °C and -40 °C), the 61.56-GHz
LOFT and the 61.453-GHz image result in a conversion gain variation of less than 5.5 dB
and a noise figure variation of less than 4.1 dB.

Fig. 3.8 shows the simulated SNDR against the LOFT suppression and IMRR over
different temperature conditions. The TX output power is still kept with 0 dBm. Usually
an uncalibrated LOFT suppression or IMRR can reach 20 dB [10]. A 10-dB design margin
is considered for the uncalibrated impairments. To improve the SNDR for a small LOFT

suppression or IMRR, the gain of the calibration path can be further decreased. For a large
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Figure 3.15: Circuit schematic of the baseband amplifier.

LOFT suppression or IMRR, the SNDR of the calibration path is limited by the noise
floor. Regarding the required 50-dBc calibration sensitivity, more than 10-dB margin can
be realized as shown in Fig. 3.8.
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The DC offset of the calibration block will also degrade the calibration accuracy. Be-
cause the calibration system itself can be treated as a receiver, the DC offset at the calibra-
tion mixer output will directly offset the down-converted DC component. It is well-known

that the DC offset for a receiver can be expressed as the following equation [43]:

Voffset_total = Vself_mixing + Vnonlinear + denamic (32)

where Vit mixing represents the DC offset caused by the calibration LO self-mixing which
is static and independent of the input. Vioqiinear Stands for the input-dependent DC compo-
nent caused by the second-order nonlinearity of the calibration circuit. Vgynamic denotes the
dynamic DC offset. Because of the huge frequency difference between the calibration LO
and the 60-GHz RF signal, the dynamic DC offset caused by re-radiation can be ignored.
Regarding Vit mixing, the DC offset from self-mixing can be removed by testing the ADC

outputs V{  ;and V], without any RF input. The signal strength can be rewritten as:

Signal Strength’ = \[(Vous = Viy 17+ (Voua = Vi o)° (3.3)
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Figure 3.17: Measured output of the receiver.

The accuracy of Signal S trength’ will rely on the effective number of bits (ENOB) of the
ADC. With enough design margin (10 bit in this work), the Vs mixing Will not limit the
final calibration accuracy. Furthermore, it is known that Vjojinesr can be minimized by
optimizing the IP2 [44]. The simulated IIP2 for the calibration path in a Monte Carlo
simulation falls inside a range of 19.8 to 20.9 dBm regarding the nonlinearity and random
mismatch. When the TX is operating at ch. 2.5 (LOFT frequency is 61.56GHz), a large
LOFT of -25 dBm at the TX output will result in a -40-dBm input power for the calibration
block. The corresponding DC component V,opjinear 1S €stimated to be 0.23 mV. While for
a small LOFT, the induced DC offset is negligible, which will not limit the calibration

accuracy.

Additionally, the I/Q imbalance of the calibration circuit will cause potential degra-
dation in the calibration accuracy. Moreover, the phase of the input signal ¢;, will again
influence the detected signal strength. Both 1-dB magnitude mismatch and 10-degree
phase mismatch will cause a larger than 10% peak-to-peak ripple in the detected signal.
The magnitude and phase imbalance of the calibration circuits can be suppressed by a
frequency-divider-based LO generation and symmetric layout. The ripple can further be
mitigated by an averaging function, so the calibration accuracy is not much degraded by
the I/Q imbalance.

During the calibration period, the second harmonic of the detected LOFT generated by
the calibration VGA will also fall into the same frequency with the detected image signal
(2wgp). As a result, the LOFT will be calibrated first to prohibit the IMRR calibration
accuracy from degradation. At the same time, the calibrated LOFT will also be slightly
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Figure 3.18: Circuit schematic of the 60-GHz 5-stage LNA.

influenced by the IMRR calibration due to the changed bias condition. Thus, an additional
LOFT calibration is added at the end of the calibration procedure.

3.2.2 Transmitter

To meet the stringent transmitter EVM requirement from the IEEE 802.11ay, an improved
linearity needs to be achieved within a flat frequency response. A mixer-first topology
is adopted in the transmitter with the purpose of wide-band matching and low power
consumption [13]. Fig. 3.9(a) shows the circuit schematic of the double-balanced up-
conversion mixer. The LOFT cancellation in this work is realized by tuning the current
sources at the baseband side [45]. Including the design margin, a 10-bit R-DAC is adopted
for achieving a tuning resolution of less than 0.1-mV, which corresponds to a higher than
50-dB LOFT suppression.

As mentioned in Chapter 2, the I/Q imbalance in this work is compensated with a
power-efficient RF domain calibration. Fig. 3.9(b) shows the capacitive-cross-coupling
RF VGA. The I/Q magnitude mismatch is compensated by tuning the gate bias. Regarding
the phase mismatch calibration, Fig. 3.10 shows the circuit schematic of the QILO. A
3-bit switching capacitor and a 10-bit-DAC-controlled varactor are designed to cover a
frequency range from 57 to 66 GHz. To fullfil the required resolution for the I/Q phase
calibration mentioned in Chapter 2, a sub-degree I/Q phase tuning is realized by tuning the
free-run frequency of the I oscillator [32]. During the calibration period, the magnitude
mismatch will be compensated first and afterward the phase mismatch will be calibrated
by the RF gain-invariant phase tuning. The analysis mentioned in Chapter 2 assumed
a perfect RF domain calibration. However, the mismatch between the 1/Q calibration
circuits will also induce additional RF domain IMRR degradation. The degradation from
the QILO will be limited and frequency-independent due to its position at the LO path.
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Figure 3.20: RF PCB for measurement.

While, the I/Q VGA will be the main contributor to the IMRR degradation due to its wide
operational bandwidth. To analyze the influence from the RF VGA, the L-type matching
network at the RF VGA output is modeled as a parallel RLC resonant circuit. When the
feedback resistor is large enough, the I/Q imbalance due to the VGA can be presented

with the following equations:
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Table 3.1: Core Area of Blocks

Core Area
[mm?]

TX 1.07
RX 1.09
PLL 0.21
Cal. Block 0.19
Logic 0.36
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Table 3.2: Power Consumption of Blocks

Sub Power Consumption
Blocks [mW]
TX PA 105.7
I/Q RF VGA 12.1
I/Q Mixer 2.0
I/Q LO Buffer 16.6
QILO 14.6
Cal. Block 3.1
RX LNA 60.2
I/Q RF VGA 20.5
I/Q Mixer 6.4
1/Q BB Amp 12.3
I/Q LO Buffer 13.8
QILO 10.3
PLL 15.0
Ap = arctan(Q (@ — i)) — arctan (Q(@ - i)) 3.5
w wWor w woQ

where AA and Ay are the I/Q magnitude and phase mismatch, while Q and w, stand for
the quality factor and the resonant frequency of the matching network. The equations find
the IMRR degradation due to the transistor g,, mismatch does not rely on the frequency
and can be easily removed. However, the resonant frequency difference caused by the
mismatched transistor size and I/Q matching networks will cause a FD-IMRR after cali-
bration. Fig. 3.11(a) and (b) show the influence of the RF FD-IMRR degradation due to
the resonant frequency mismatch at channel 2.5. Severe FD-IMRR degradation against
the increasing bandwidth after the calibration can be observed with an 100-MHz wg mis-
match (1.6%). Fig. 3.11 also implies that, RF FD-IMRR will be improved with a lower
quality factor due to the suppressed in-band gain and phase mismatch. To minimize the
degradation from the calibration circuit, the RF VGA in this work is designed based on
the TL. The 50-ohm TL are utilized to realize a matching network with a reduced quali-
ty factor Q. Additionally, a symmetric layout of the TL matching network is also strong
against the passive components mismatch between the I and Q path. Fig. 3.11(c) shows
the simulated gain of the RF VGA with a 1-dB tuning step. A bandwidth of larger than 10
GHz is covered in this work. Furthermore, the RF-VGA 1is controlled by a 10-bit DAC. A
less than 0.1-dB tuning step is achieved, which meets the resolution requirement from the
I/Q magnitude imbalance calibration. The simulated IMRR before and after the proposed
calibration is shown in Fig. 3.11(d). A transistor size mismatch of 5% is included in
this simulation. After the calibration, larger than 40-dB IMRR can be maintained within
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Figure 3.22: Equipment setup for (a) TX calibration and TX EVM measurement (b) TX-
to-RX EVM measurement.

the whole 60-GHz band. Although the decreased Q results in a 5-dB maximum gain,
the wide band matching still contributes to a flatter frequency response. The simulated
transmitter-mode 3-dB bandwidth is from 54.8 GHz to 66.7 GHz.

Fig. 3.12 shows the TL-based five-stage common-source power amplifier. A cross-
section view for the proposed TL is shown in Fig. 3.13. The top metal layer is selected
for the signal line while the two interdigitated metal layers at the bottom are employed for
shielding. Specific sizes of the TL are optimized for lower attenuation constant, which
ensures an efficient and reliable matching performance. The VDD feed line for the power
amplifier is realized by TL with shunt metal-insulator-metal (MIM) capacitor to ground.
The feed line topology is carefully modeled with low impedance but high isolation to
RF signal. Fig. 3.14 shows the measured results for the power amplifier at 61.56 GHz.
The measured output P45 1s 6.9 dBm and the saturated output power is 11.6 dBm. The
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Figure 3.23: Measured (a) detected signal strength against the LOFT and (b) detected
signal strength against the image signal.

corresponding power-added efficiency (PAE) at the P 4p is 4.6%.

3.2.3 Receiver

As mentioned in Chapter 2, receivers targeting at the IEEE 802.11ay standard demand
a careful design. The usage of the flipped-voltage-follower (FVF) [46] based amplifier
at the baseband can achieve an improved linearity performance within a wide bandwidth
[31]. Fig. 3.15 shows the single-stage I/Q baseband amplifier employed in this work. The
frequency response is optimized and the power consumption is 12 mW. The simulated
receiver-mode 3-dB RF bandwidth is from 55.9 GHz to 67.6 GHz.

To improve the SNDR of the receiver, a linearity-enhanced double-balanced active
mixer based on the current-bleeding technique [47] is adopted in this work (Fig. 3.16). A
reasonable power budget for the LO path can be realized with the current-mode switching.
As shown in Fig. 3.16, a 3-pF capacitor and a 1.2-Mohm bias resistor are applied to
maintain an AC coupling at the mixer output. However, an unreasonable settling time
of larger than 3.5 us will be required due to the charging time of the capacitor [31]. To
support the low-latency requirement from the IEEE 802.11ay, two dummy transistors M7
and M8 are connected to the mixer output and kept on while the receiver is off. The small-
size dummy transistors together with the common-mode feedback circuit will keep the
output voltage unchanged with a power consumption of only 0.5 mW. Furthermore, the
baseband amplifier is shut down with a VDD switch instead of any gate-bias tuning. Fig.
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Figure 3.24: Measured LOFT suppression and IMRR over the baseband frequency.

3.17 shows the measured receiver output with a single-tone input (500-MHz at baseband).
The receiver is switched on at O ns. The measured startup time for the receiver is less than
20 ns.

Regarding the increased input noise floor due to the bandwidth, a 5-stage TL-based
LNA is employed in this work to suppress the noise. The circuit schematic is shown
in Fig. 3.18. The input shunt-stab matching is shorted to ground for the purpose of
electro-static discharge (ESD) protection. Two I/Q coupled-line baluns optimized by the
electromagnetic (EM) simulation are inserted to transform the single-ended signal into

differential.

3.3 Measurement Results

The 60-GHz transceiver with the calibration block is fabricated in a standard 65-nm C-
MOS technology. Fig. 3.19 shows the die micrograph. The chip size is 3 mm x 2 mm
with a core area of 2.81 mm?. Core area for each block is summarized in the Table 3.1.
The proposed on-chip calibration block occupies an area of less than 0.2 mm?, which is
area-efficient. Fig. 3.20 shows the 60-GHz RF PCB for measurement. The chip is silver-
epoxy glued in the center of the PCB and connected to the 50-ohm transmission line with

bonding wires. A bonding wire inductance of 0.5-nH is considered in the simulation. The
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Figure 3.25: Measured TX EVM with 1-channel, 2-channel and 4-channel bonding band-
width in 60 GHz band.

DC supply and the control signals for the on-chip logic are sent from the pin connectors.
The insertion loss of the PCB is measured by comparing the saturated output power of a
PCB in transmitter mode and a stand-alone PA. A PCB loss of 9.8 dB is observed at 61.56
GHz.

Fig. 3.21(a) shows the conversion gain of the TX excluding the PCB loss. The conver-
sion gain is around 12.5 dB. To support the IEEE 802.11ay standard, the TX is required
to cover the four channels defined in the 60-GHz band. The measured gain has a 4.5-dB
variation over the entire 8.64-GHz bandwidth with a carrier frequency of 61.56 GHz (ch.
2.5). Fig. 3.21(b) shows the measured TX output power against the input power. The
measured TX saturated output power is 10.8 dBm excluding the PCB loss. The mea-
sured output Py4p for the TX is 6.5 dBm. Fig. 3.21(c) shows the measured output power,
third-order intermodulation power (IM3) and output noise floor for the RX PCB. The LO
frequency is 61.56 GHz while the input frequency is 61.66 GHz. The SNDR of the RX
is calculated regarding the measured IM3 and noise floor with different bandwidth condi-
tions (Fig. 3.21(d)). The calculated peak SNDRs are 33.5 dB, 31.6 dB, and 29.8 dB for
I-channel, 2-bonded channel, and 4-bonded channel, respectively. The measured phase
noise at ch.2 is -93 dBc/Hz with a 1-MHz offset [32].

Fig. 3.22(a) shows the equipment setup for the TX EVM measurement. One PCB

in transmitter mode with a 36-MHz onboard reference is used in this measurement. Fig.
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Figure 3.26: Measured TX and TRX performance at channel 1 before and after the cali-
bration in SC mode.

3.22(b) shows the measurement setup for TX-to-RX EVM. Two PCBs with two 14-dBi
horn antennas are used in this measurement. One operates in transmitter mode and the
other operates in receiver mode. During the measurement, the TX and RX are tested
in SC mode. For both TX and TX-to-RX measurement, the baseband signal is gener-
ated by an arbitrary waveform generator (Keysight AWG M8195A). Modulated base-
band signals with the symbol rate of 1.76 GSymol/s for a 1-ch. bandwidth, 3.52 GSym-
bol/s for a 2-bonded channel and 7.04 GSymbol/s for a 4-bonded channel are generated.
The corresponding roll-off factor is 0.25. The TX output spectrum is observed with a
down-conversion mixer and a spectrum analyzer (Keysight E4448A). An oscilloscope
(DSA91394A) with an adaptive equalizer is used for the EVM measurement.

The TX calibration performance is also evaluated with the setup shown in Fig. 3.22(a).
A single-tone baseband signal of 107 MHz is generated from the AWG for the calibration.
The LO frequency is 61.56 GHz. In this condition, frequencies of the corresponding RF
signal, LOFT and image signal are 61.453 GHz, 61.56 GHz and 61.667 GHz, respectively.

During the calibration period, the output codes of the calibration ADCs will be sent to a
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Figure 3.27: Measured performance in 64-QAM within the channels defined in IEEE
802.11ad.

microprocessor and a gradient descent algorithm is applied to search for the best bias
value. Finally, the feedback control code will be sent back to the chip for calibration.
Fig. 3.23 shows the measured Signal S trength” calculated from the output codes of the
I/Q ADCs. The ADCy, ADCq and ADCyy, ADCq in the equation stand for the output
codes with and without RF input for the calibration block, respectively. The TX output
power is fixed with -5 dBm in this measurement. As shown in the figure, The LOFT
and the image signal level less than -50 dBc can still be detected by the proposed circuit.
The calibrated LOFT suppression and IMRR over the channel-bonding conditions are
measured and shown in Fig. 3.24. The LOFT suppression is always higher than 40 dB
within the 4-bonded channel. The IMRR of TX is better than 44.5 dB, 40.0 dB, and 34.2
dB for 1 channel, 2-bonded channel, and 4-bonded channel, respectively. The influence
of FD-IMRR after an RF domain calibration can be obviously observed from this result.
One important reason for the observed FD-IMRR is because of the frequency-dependent
mismatch caused by the RF PCB and the baseband cables. Fig. 3.25 demonstrates the
TX 64-QAM EVM after calibration against the average output power. In the left region
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Figure 3.28: Summarization of 2-channel bonding performance at ch.2.5 defined in IEEE
802.11ay.

of the traces, The EVMs are dominated by the output noise floor. While, in the right
region, the EVMs are limited by the IM3. Thanks to the high-accuracy calibration, the
minimum EVMSs of the TX in 64-QAM are 31.3 dB, 29.8 dB, and 26.3 dB for 1 channel,
2-bonded channel, and 4-bonded channel, respectively. The peak EVM for the 4-ch.
bonding condition is degraded in the figure, which is due to the increased bandwidth. By
optimizing the transmitter-path NF, the peak EVM can be improved.

A similar calibration is performed at ch.1 (carrier frequency: 58.32 GHz). Fig. 3.26
compares the spectrum and constellation in 128-QAM before and after the calibration.
Large LOFT at 58.32 GHz can be observed from the spectrum before calibration, which
cannot satisfy the spectrum emission mask requirement. After the calibration, the LOFT
and the image signal are suppressed. A TX EVM improvement of 9.2 dB is achieved. The
RX IMRR calibration in this work is performed by adjusting the RX I/Q VGA and QILO.
The corresponding TX-to-RX EVM after the calibration within a 2.16-GHz (1-channel)
bandwidth is -26.0 dB in 128-QAM, which satisfies the requirement for a BER of less
than 1073. A data rate of 12.32 Gb/s in 128-QAM is realized by the transceiver.
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Figure 3.29: Summarization of 4-channel bonding performance at ch.2.5 defined in IEEE
802.11ay.

The IEEE 802.11ay standard demands the coexistence with the existing IEEE 802.11ad
standard. As a result, channels defined in IEEE 802.11ad (ch.1 to ch.4) are supposed to
be supported by the proposed transceiver. Fig. 3.27 summarizes the measured spectrum,
constellation, TX EVM and TX-to-RX EVM in 64-QAM for each channel. The EVMs
are measured in SC mode. The measured peak TX EVMs in 64-QAM are better than
-28.4 dB. Furthermore, the TX output spectrums satisfy the required spectrum emission
mask. The measured peak TX-to-RX EVMs in 64-QAM are -28.2 dB, -27.0 dB, -25.2 dB
and -27.1 dB for ch.1, ch.2, ch.3 and ch.4, respectively. The maximum communication
distance is defined by the required TX-to-RX SNRs for a BER of 1073, which are -9.8
dB for QPSK, -16.5 dB for 16-QAM, -22.5 dB for 64-QAM and -25.5 dB for 128-QAM.
Data link of 10.56 Gb/s in 64-QAM is maintained from ch.1 to ch.4 with further than
0.14-m communication distance. A 2.5-m communication distance is achieved at ch.1 in
QPSK.

Fig. 3.28 and Fig. 3.29 demonstrate the summarized channel bonding performance
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at ch.2.5. Within a 2-channel bonding bandwidth, the TX after calibration achieves TX
EVMs of -29.7 dB, -29.5 dB, -29.8 dB and -27.1 dB in QPSK, 16-QAM, 64-QAM and
128-QAM, respectively. The maximum data-rate realized with a 2-bonded channel is
24.64 Gb/s in 128-QAM. The corresponding TX-to-RX EVM is -26.1 dB. The measured
maximum distances with a 2-bonded channel are 1.06 m for QPSK, 0.40 m for 16-QAM,
0.10 m for 64-QAM and 0.03 m for 128-QAM. Regarding a 4-channel bonding condition,
the transceiver in this work supports data-links of 14.08 Gb/s in QPSK, 28.16 Gb/s in 16-
QAM and 42.24 Gb/s in 64-QAM. The corresponding TX-to-RX EVMs are -24.5 dB in
QPSK, -24.6 dB in 16-QAM and -24.3 dB in 64-QAM. For both 2-ch. bonding and 4-
ch. bonding conditions, the output spectrums satisfy the spectrum emission masks from
the IEEE 802.11ay. The non-flatness of the spectrum is mainly from the 5-stage PA and
the measurement equipment. The measured maximum data-rate is 50.1 Gb/s in 64-QAM
with an RF bandwidth of 10.44 GHz. The corresponding TX EVM and TX-to-RX EVM
are -24.0 dB and -23.2 dB, respectively. A communication distance of 0.04 m is achieved
in this condition.

Table 3.2 shows the power consumption breakdown of the transceiver. The analog and
digital supply voltages are 1 V in this work. The proposed calibration block consumes
3.1 mW during the calibration period. The power consumption of the transceiver in TX
mode is 169 mW including the PLL and the calibration block. The measured RX mode
power consumption is 139 mW with the PLL.

Table 3.3 compares this work with the state-of-the-art 60 GHz CMOS transceiver
frontends. This work presents the first 60-GHz transceiver achieving 4-channel bonding
in 64-QAM with a single-element transceiver. An equivalent data-rate of 42.24 Gb/s
is realized with a low power consumption. Furthermore, this work is the first-reported
transceiver achieving 128-QAM in the 60 GHz band. Data-rate of 24.64 Gb/s in 128-
QAM is available with 2-channel bonding.

3.4 Conclusion

This chapter presents a 60-GHz CMOS transceiver designed for the IEEE 802.11ay s-
tandard. A calibration block for LOFT and I/Q imbalance featuring high-accuracy and
low-power is implemented with the transceiver. The RF building blocks are optimized
for high SNDR and flat gain response. The proposed transceiver supports the channels
defined in the existing IEEE 802.11ad standard together with the bonded channels defined
in the IEEE 802.11ay standard. This work reports the first 128-QAM 60-GHz transceiv-
er. Additionally, a 4-channel bonding data-rate of 42.24 Gb/s in 64-QAM is also avail-
able. A maximum data-rate of 50.1 Gb/s in 64-QAM is realized, which is the highest
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data-rate achieved by using the 60-GHz band. Compared with the conventional 60-GHz
transceivers realizing 4-ch. bonding in 64-QAM, the proposed work realizes an area-
efficient and power-efficient design with the single-element transceiver implementation.
Short-range ultra-high-speed data communication for the next generation WLAN could

be achieved.



3.4 Conclusion 51
Table 3.3: Performance Comparison of 60-GHz Transceivers
Data rate/ TX-to-RX . Power
Modulation EVM Pout/ant. path Integration Consumption
(10] 2.5Gbys '212 'COSB 2.0dBm at 92‘;(m’R‘;reﬁtOC°;1VtZ;S;Z“’ TX: 347mW
QPSK (TX only) TX EVM=-22.0dB analog BB, dig. BB. RX: 274mW
40nm, 16-array TX: 1190mW
4.6Gb/s -19.5dB -4.0dBm* at ’
[11] B heterodyne, TX, RX, LO,| RX: 960mW
16QAM L ch. TXEVM=-21.0dB analog BB, dig. BB. 16x16 array
-2.0dBm at 28nm/40nm, 144-array, | TX: 8400mW
[12] f66QG:1/\jI _2? (;5;1 B TX-to-RX EVM | heterodyne, TX, RX, LO,| RX: 6600mW
' =-22.0dB analog BB, dig. BB 144-element
[13] 2?;52;48 -26.3dB 8.5dBm at 65nm, direct conversion, | TX: 251mW
) 1 ch. TX EVM=-21.0dB TX, RX, LO. RX: 220mW
4-ch. bonding
28nm, digital polar TX, ]
[14] 2176(§i11)\éls -18.0dB N.A. direct conversion RX, Ei(( ﬁgﬁg
TX, RX, LO, w/o PLL. ’
21.12Gb/s
[15] +21.12Gb/s -24.0dB (LB) 7.0dBm at 65nm, direct conversion, | TX: 544mW
2¢ch. -23.0dB (HB)| TX EVM=-22.0dB 2TX, 2RX, 2LO. RX: 432mW
bonding
| 0 | 2048 amia | i R W
16QAM 1 ch. TX EVM=-23dB TX, RX, LO. A-element
12.32Gb/s
128QAM '217 ‘CZI?B
1 ch. ’
24.64Gb/s -26.1dB
128QAM 2-ch.
This 2-ch. bonding bonding 7.3dBm at 65nm, direct conversion, | TX: 169mW
42.24Gb/s -24.3dB TX EVM=-22.0dB TX, RX, LO. RX: 139mW
Work 64QAM 4-ch.
4-ch. bonding bonding
50.10Gb/s 23.2dB
64QAM 10.44 BW.
10.44GHz BW. ) )

* estimated from the material.
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Chapter 4

Area-Efficient Bi-Directional

Transceiver

As mentioned in Chapter 2, the millimeter-wave spectrum suffers from an enlarged FSPL.
As a result, beamforming technique is usually utilized for extending the communication
distance. Considering the middle-range scenarios like streaming 8K UHD movies at s-
mart home, large-sized transceiver array will be required. An increased number of anten-
nas and element-transceivers will be necessary for supporting such a phased-array system.
Moreover, the MIMO technique utilizing the spacial multiplexing is also essential for the
future IEEE 802.11ad/ay. Additional antennas and element-transceivers will also be in-
duced from the MIMO configuration. Regarding both of the situations mentioned above,
the system size, weight along with the manufacturing cost will be greatly increased. De-
sign considerations will be mandatory for a compact system size and a reduced system

cost.

Chapter 3 introduces a CMOS IEEE 802.11 ad/ay transceiver with LOFT and 1/Q
imbalance calibration. The data rate in a short-range communication could be signifi-
cantly improved with suppressed power and area consumptions. However, when further
implement the transceiver presented in Chapter 3 to the array applications, the separated
transmitter and receiver antennas will significantly increase the system size and weight.
[48] introduces a two-element transceiver chip supporting the dual-polarized MIMO op-
eration. A maximum data rate of 27.8 Gb/s is achieved by adding up two simultaneous
data-streams through the H and V polarizations of the dual-polarized antennas, respec-
tively. Although a TRX switch is adopted in this work for antenna sharing, the separated
circuit chains designed for the transmitter and the receiver still occupy a redundant area.
The manufacturing cost will be in turn increased. To reduce the manufacturing cost along

with the system size and weight, the bi-directional technique could be applied for the
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Figure 4.1: Block diagrams of (a) conventional 60-GHz direction-conversion transceiver
and (b) bi-directional transceiver.

IEEE 802.11ay MIMO systems [49-52]. Usually, the bi-directional transceivers utilize
a bi-directional amplifier to entirely share the mixer and the LO distribution between the
transmitter and the receiver modes. As a result, the required on-chip area for a single-

element transceiver could be decreased to almost half theoretically.

In this chapter, a CMOS two-element transceiver chip designed based on a bi-directional
architecture will be introduced. The proposed gain-boosted bi-directional amplifier fur-
ther allows the sharing of interstage passive components. With the help of the designed
PA-LNA, the required area for a single-element transceiver in this work is 3 mm? includ-
ing the pads. The proposed bi-directional transceiver in TX-mode achieves an EVM of
-26 dB with -4.2-dBm output power. The measured RX-mode NF is 4.8 dB at 62.56
GHz. The maximum raw data rate realized by this work is 28.16 Gb/s in 16-QAM with a
four-bonded channel. A two-channel-bonding data rate of 21.12 Gb/s in 64-QAM is also
achieved. As a result, this work provides a high performance solution with minimized

system size and manufacturing cost for the next generation WLAN.
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Figure 4.2: Circuit schematics of (c) conventional bi-directional amplifier and (d) pro-
posed bi-directional amplifier.

4.1 Proposed Bi-Directional Architecture

To decrease the manufacturing cost and system size, an area-efficient design will be
strongly demanded by the IEEE 802.11ay transceivers. Fig. 4.1 (a) shows the block
diagram of a 60-GHz conventional direct-conversion transceiver [30]. The manufacturing
cost along with the physical size of the system will be significantly increased due to the
increased number of antennas and the enlarged chip area. For middle range communica-
tion scenarios like streaming the 8K UHD movies, the beamforming technique is usually
applied for extending the communication range. The required size and cost will become
even larger for an IEEE 802.11ay phased-array transceiver.

To suppress the manufacturing cost and the system size, the bi-directional technique
could be utilized. Fig. 4.1 (b) shows the block diagram of a direct-conversion transceiver
based on the bi-directional architecture. The key component for such a transceiver is the
bi-directional amplifier whose operating direction could be reconfigured by digital control

signals. Fig. 4.2 (a) shows the conventional bi-directional amplifier [53]. By utilizing two
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Figure 4.3: Block diagram of proposed bi-directional transceiver.

single-pole double-throw (SPDT) switches at the antenna side and the mixer side, respec-
tively, the operating mode of the amplifier could be switched between the PA mode and the
LNA mode. As a result, the antenna, up- and down-conversion mixers, and the LO gen-
eration could be completely shared between the TX and RX modes. Ideally, the on-chip
area for the transceivers could be reduced to half with the help of the bi-directional tech-
nique. However, the area reduction achieved by a conventional bi-directional transceiver
is much less than half due to the unshared interstage passive components of the conven-
tional bi-directional amplifier. Considering the phased-array transceiver implementation
where the mixer and the LO distribution only occupy a limited proportion of the total
area consumption, the manufacturing cost of the conventional design will be increased
significantly.

To further minimize the required area, Fig. 4.2 (b) shows the proposed bi-directional
amplifier. In the proposed work, the transistors for TX and RX modes in each of the
amplifier stages are connected. By controlling the gate bias, the bi-directional operation

could be supported, and the passive components could be shared. However, additional
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TX Bi-DirfectionaI PA Board Loss Total
Mixer
Power Gain [dB] -17.00 28.00 -9.80
Cumulative Gain [dB] -17.00 11.00 1.20 1.20
NF [dB] 17.00 9.00 9.80
Cumulative NF [dB] 17.00 26.00 26.01 26.01
OIP3 [dBm] 2.00 7.80 100.00
Cumulative OIP3 [dBm] 2.00 7.77 -2.03 -2.03
RX Board Loss LNA E.’,i-Directional Total
Mixer + BB Amp
Power Gain [dB] -9.80 20.00 -3.00
Cumulative Gain [dB] -9.80 10.20 7.20 24.08
NF [dB] 9.80 6.00 18.00
Cumulative NF [dB] 9.80 15.80 16.43 14.77
OIP3 [dBm] 100.00 7.00 2.00
Cumulative OIP3 [dBm] 100.00 7.00 -0.12 4.91

Figure 4.4: Level diagram design of the 60-GHz bi-directional transceiver.

insertion loss will arise due to the matching networks sharing. Considering the system
requirements, such kind of RF-path gain degradation is usually not acceptable for a noisy
millimeter-wave transceiver. Thus, the gain boosting technique [54-56] is utilized in
the proposed design for compensating the RF-path conversion gain in both TX and RX
modes. A minimized on-chip area along with an optimized system performance could be
supported for the IEEE 802.11ay MIMO and beamforming systems.

As mentioned in Chapter 2, To maintain enough EVM for complex modulation schemes,
the IEEE 802.11ay transceivers still need to address various design challenges. The en-
larged channel bandwidth due to the channel-bonding not only results in a higher noise
level but also demands a wider operating bandwidth for the RF frontend. Considering
the modulation schemes such as 16-QAM or 64-QAM, careful design considerations re-
garding the system linearity and noise floor will be necessary for achieving an optimized
EVM [31, 57]. Besides, as mentioned in Chapter 3, the direct-conversion transceivers
suffer from the in-band LO leakage and image. The calibration circuits with high accu-
racy for compensating the I/Q imbalance and canceling the LO leakage are still essential
[30, 45].
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Figure 4.5: (a) Circuit schematic of single-stage bi-directional amplifier and (b) simulated
gain in PA and LNA modes.

4.2 Circuit Implementation

Fig. 4.3 shows the block diagram of the proposed bi-directional transceiver chip. Direct-
conversion topology is utilized in this work to reduce the system complexity. Entirely
two transceiver elements are integrated into the same chip, which is capable of supporting
the MIMO or beamforming configuration. Each of the element-transceivers consists of
the PA-LNA, the I/Q bi-directional mixer, the QILO, the I/Q baseband amplifier for RX
mode, and the bypass switches for TX mode. With the help of the 5-stage PA-LNA based
on the proposed bi-directional technique, the I/Q mixers along with the I/Q LO generation
could be entirely shared between the TX and RX modes. The required on-chip area for a
single-element transceiver is reduced to half. Fig. 4.4 shows the level diagram design for
the proposed 60-GHz bi-directional design. The system performance of the transceiver
needs to be taken good care of regarding both the TX mode and RX mode. Complex
modulation schemes such as 64-QAM and wide operation bandwidth are also considered
in the system level design.

4.2.1 PA-LNA

Regarding the potentially degraded system noise and linearity performance, sharing the
interstage matching for a multi-stage amplifier requires gain compensation. To increase
the gain of a millimeter-wave amplifier, unilateralization technique has been widely u-
tilized [58]. However, the theoretically gain achieved by the unilateralization technique
is limited at high-frequency [56]. As a result, the gain of PA and LNA transistors in
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Figure 4.6: Simulated (a) A and (b) ¢ of PA and LNA transistors.

this work are boosted to the maximum achievable power gain [54]. Fig. 4.5 (a) shows
the circuit schematic for a single-stage bi-directional amplifier. The PA- and LNA-mode
transistors with different sizes are connected for sharing the interstage matching as men-
tioned in Section 4.1. The mode selection is realized by switching the gate bias VGTX
and VGRX. To realize the maximum achievable gain, the A and ¢ defined in the figure
for the single-stage amplifier after matching should satisfy the following requirements

[54, 55].
Y12 + Yo7
A=Agy = —2 220
Pt 2G»»

0 =@opt = Ck+ D — LYo+ Y21") 4.2)

.1

where Y1, and Y5, are the 2-port Y parameters for the transistor in common-source con-
nection. Gy, in the equation is the real part of Y,; and k is an arbitrary integer. After
adjusting the feedback TL along with the matching networks, Fig. 4.6 shows the simulat-
ed A and ¢ of the single-stage bi-directional amplifier and the calculated Ay and @y Over
frequency. Within the frequency range of 57.24 to 65.88 GHz, the simulated A and ¢ fit
the calculated A, and ¢, very well for both PA and LNA transistors, which ensures an
optimized gain. Fig. 4.5 (b) shows the simulated gain for the single-stage bi-directional



60 Area-Efficient Bi-Directional Transceiver

LNA Mode — PA Mode

Tr. for |[ Tr. for
UL Y L
Gain
Boosting VG VG VG VG
VDD p-======y VDD YALL I_LP A3 VDD IIIP PVALL ILP A5 VDD
. I " I |=? Hr I
I VG VG VG
LNA3 LNA4 LNA5

Boosting

PA Stage Tr: PA Stage Tr: PA Stage Tr: PA Stage Tr: PA Stage Tr:
60nm/120pm 60nm/80pum 60nm/80pum 60nm/80pm 60nm/80pum

LNA Stage Tr:  LNA Stage Tr: LNA Stage Tr: LNA Stage Tr: LNA Stage Tr:
60nm/60um 60nm/40pum 60nm/40pum 60nm/40pm 60nm/40pum

Figure 4.7: Circuit schematic of proposed five-stage PA-LNA.

amplifier. The achieved peak gains are 8.3 dB and 7.9 dB including the additional inser-
tion loss due to the matching sharing for the PA mode and LNA mode, respectively.

Totally five of the proposed amplifier stages are utilized for the PA-LNA in this work.
Fig. 4.7 shows the circuit schematic. The interstage matching networks are designed
based on the area-efficient TLs. The characteristics of the TL are optimized with electro-
magnetic simulations. An accurate matching condition along with the minimized on-chip
area could be realized. The antenna in this work is shared between the TX and RX modes
for reducing the system size and weight. Fig. 4.8 shows the antenna sharing. To further
minimize the required area, this work utilizes a TL-based antenna sharing network. The
simulated insertion losses are 0.5 dB for the PA mode and 1.2 dB for the LNA mode at 60
GHz. One potential issue for the proposed antenna sharing network is the voltage swing
generated by the PA transistor at the gate of the LNA transistor. The linearity of the PA
will be degraded due to the triode-region resistance of the LNA transistor. As a result, the
LNA-transistor gate-voltage swing during the PA mode are minimized during the design.
In the simulation, the swing is always less than 240 mV at the PA operation point. To
further improve the performance, a negative voltage bias could be applied for the LNA
transistors during the PA mode.

Fig. 4.9 shows the measured characteristics of the PA-LNA. The proposed PA-LNA
achieves around 15-dB gain in both PA and LNA modes. Within the frequency range of
57.24 to 65.88 GHz, the measured return losses of the antenna and mixer ports are always
better than -9 dB in both PA and LNA modes. Fig. 4.10 shows the measured PA-mode
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Figure 4.8: Antenna sharing for PA-LNA.

linearity and the LNA-mode NF. The measured NF in LNA mode is 4.2 dB at 61.56 GHz,
while the measured saturated output power is 0 dBm in PA mode.

4.2.2 Bi-Directional Mixer and Baseband Amplifier

In addition to the PA-LNA, the area is further saved with an I/Q bi-directional mixer. This
work utilizes a passive double-balanced mixer for both up- and down-conversion. The
I/Q LO generation could be shared between the TX and RX modes with the help of the
passive mixer.

Usually, the transmitters and receivers require different conversion gain levels. To
increase the strength of the received signal, a higher conversion gain is demanded by the
receiving chain. As a result, the I/Q baseband amplifiers are adopted in this work. The
flipped-voltage-follower (FVF) topology baseband amplifier is usually utilized to achieve
a high linearity within a wide bandwidth [31]. Fig. 4.11 shows the circuit schematic
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Figure 4.10: Measured (a) PA-mode output power and (b) LNA-mode noise figure of
bi-directional amplifier.

of the amplifier unit, which consists of two amplifier stages. The first stage is a FVF
amplifier with capacitor C, for gain peaking. The second stage is usually in common-
source topology [15, 31, 57]. However, the operating conditions for M3 and M7 will not
be entirely the same due to the different drain-node voltages. The linearity of such an
amplifier will be degraded. Additionally, because the voltage gain of the unit amplifier
is determined by the mirror ratio of M3 (M4) and M7 (M8), and the impedance ratio
between the output node and the source node of M1 (M2), the achievable gain will be

limited by the rqs of the common-source transistors. To improve the linearity and gain
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Figure 4.12: Simulated (a) voltage gain and (b) IIP3 of the baseband amplifier.

performance, this work adopts cascode topology for the second stage. When gmorgs > 1,
the voltage gains of the second stage and the whole amplifier unit could be expressed with

the following equations.

Avond ® 8m7 * [(Fas7 * Taso * &mo) [ Tasi1 [ Rl 4.3)



64 Area-Efficient Bi-Directional Transceiver

TX LOFT RX 1/Q Mag.
Cancellation Imbalance
Compensation

=

External

TX,RX 1/Q LO
To Phase 3

PA-LNA Imbalance

Compensation —

RX 1/Q Mag.
TX LOFT Imbalance
Cancellation Compensation

Figure 4.13: LO leakage and image cancellation.

8m7  (Fas7 “ Taso - &mo) [ rasii | Ru
8m3 ras3 | Rs [ (1/ jwCy)

4.4)

AV,total ~

Thanks to the cascode topology, the linearity could be improved by the replica biasing
from M1 (M2) to M9 (M10). A larger Ry could also be selected for a higher gain. In this
work, two of the amplifier units are used for the baseband amplifier. Fig. 4.12 (a) shows
the simulated voltage gain with three different temperature conditions. The baseband
amplifier achieves around 13-dB gain at 27°C. The gain variation due to the temperature
is around 5 dB. Fig. 4.12 (b) shows the simulated IIP3 of the amplifier at 1 GHz in the
Monte Carlo simulation. Regarding the random mismatch from the circuit, the simulated
IIP3 falls in a range of -22.8 to -19.5 dBm. An improved gain performance along with
optimized linearity is realized by the baseband amplifier. To support the bi-directional
operation, switches are also implemented for bypassing the baseband amplifier in TX

mode.
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4.2.3 LO Leakage and I/Q Imbalance Cancellation

As mentioned in Section 4.1, the LO leakage and the I/Q imbalance for a direct-conversion

transceiver will limit the EVM performance. To suppress the LO leakage and compensate
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Figure 4.16: Die micrograph of proposed bi-directional transceiver chip.

the I/Q imbalance, an RF-domain calibration method similar to the proposal in Chapter 3
is utilized in this work [57]. Fig. 4.13 shows the block diagram for explaining the calibra-
tion. To cancel the LO leakage caused by the dc offset, two current sources controlled by
10-bit DACs are attached to the passive mixer [45]. A tuning step of less than 0.1 mV is
realized. Regarding the I/Q imbalance, the RX-mode magnitude mismatch is calibrated
by adjusting the 1/Q baseband amplifiers while the TX-mode mismatch is compensated
by tuning the I/Q baseband input power.

Fig. 4.14 shows the circuit schematic of the QILO for I/Q LO generation. The QILO
in this work is designed to cover all the required LO frequencies from IEEE 802.11ay
including the channel-bonding. The single-ended 20-GHz injection signal is generated
from the external and transformed into differential by a 20-GHz on-chip coupled-line
balun. With injection only to the I oscillator, the QILO in this work is capable of com-
pensating the phase mismatch between I path and Q path. By controlling the free-run

frequency of the I oscillator, a sub-degree phase tuning is realized [32].

Fig. 4.15 shows the measured TX-mode output spectrum of the proposed bi-directional
transceiver. The frequencies of the LO and the baseband input signal are 61.56 GHz and
100 MHz, respectively. Larger than 40-dB suppression ratio could be achieved for both
the LO leakage and the image signal.
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Figure 4.17: Photograph of RF PCB.

Table 4.1: Core Area of Blocks

s Core Area
Building Blocks [mm?]
PA-LNA 0.44

Bi-Directional Mixer 0.03
Baseband Amplifier 0.02

LO Buffer 0.07
QILO 0.12
Logic 0.29

4.3 Measurement Results

The proposed two-element bi-directional transceiver chip is fabricated in a standard 65-
nm CMOS process featuring low manufacturing cost. The die micrograph and the pad
assignment of the proposed chip are shown in Fig. 4.16. The chip size is 3 mmXx 2 mm.
Each of the element-transceivers occupies an area of 3 mm?. Because the wire-bonding
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Figure 4.19: (a) Measured RX-mode output power, IM3 and noise floor for TRX element
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package 1s adopted in this work, the area consumption for each element-transceiver is
mainly decided by the number and the placement of the RF and DC pads. By applying
the flip-chip package, the required area could be further reduced. Table 4.1 summarizes
the area consumptions for each transceiver building blocks. Thanks to the proposed bi-
directional technique, the TL-based 5-stage PA-LNA consumes 0.44 mm?. The reported
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Figure 4.21: Measured TX-mode EVMs for TRX element 1 (a) in 16-QAM and (b) in
64-QAM.

size can be minimized even further by folding the transmission lines during the layout. At
the same time, the required area for the I/Q mixers and the I/Q LO generation circuits are
reduced to half because of the bi-directional operation.

To evaluate the performance of the proposed bi-directional transceivers, the fabricat-
ed chips are implemented into RF printed circuit boards (PCBs). Fig. 4.17 shows the
photograph of the RF PCB. One of the transceiver chips is wire-bonded to the PCB at
the center. The I/Q baseband input/output signals of TRX element 1 and 2 are distributed
to the right and left edges of the PCB, respectively. The RF ports of the TRX elements
are connected to the TL-to-waveguide transitions with TLs. The required power supplies
and SPI control signals are sent from the pin connectors at the bottom of the photo. The
insertion loss of RF PCB is evaluated by comparing the saturated output powers of the
TX-mode PCB measurement and the on-wafer PA measurement. The measured PCB loss
at 60 GHz is 8.5 dB.

Fig. 4.18 shows the measured characteristics of the proposed transceiver in TX and
RX modes. Fig. 4.18 (a) and (b) shows the measured TX-mode and RX-mode gains
at channel 2.5 (the center frequency is 61.56 GHz), respectively. Within the frequency
range of 57.24 to 65.88 GHz, TRX element 1 and TRX element 2 both achieve around
-5-dB conversion gain in TX mode and around 20-dB conversion gain in RX mode. Fur-
thermore, the RX-mode output power, IM3, and noise floor are measured for the TRX
elements including the PCB loss at 61.66 GHz. The measured RX-mode NF is 4.8 dB at
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Table 4.2: Power Consumption Summary

Building Blocks | L°"¢" i‘l’l‘\‘;‘]‘mpt“’“
TX Mode PA 69.7
Mixer 3.1
LO Buffer 10.4
QILO 22.1
RX Mode LNA 67.3
Mixer 0.2
Baseband Amp. 20.2
LO Buffer 10.8
QILO 29.9

62.56 GHz. Within the 60-GHz band, the NF is less than 6 dB. Fig. 4.19 (a) shows the
RX-mode measurement results for TRX element 1. Based on the measurement results,
the calculated RX-mode SNDRs for TRX element 1 and TRX element 2 are demonstrated
in Fig. 4.19 (b) with a four-channel-bonding bandwidth. The achieved maximum SNDRs
are 29.0 dB for TRX element 1 and 27.2 dB for TRX element 2.

The proposed bi-directional transceiver is evaluated with SC mode modulated signal-
s. Fig. 4.20 (a) shows the equipment setup for TX-mode constellation, spectrum, and
EVM measurement. One RF PCB operating in TX mode and a 14-dBi horn antenna are
utilized. The SC-mode baseband modulated signals with symbol rates of 1.76 GSym-
bol/s for one channel, 3.52 Gsymbol/s for two-bonded channels, and 7.04 Gsymbol/s
for four-bonded channels are generated from the arbitrary waveform generator (Keysight
MS8195A). After the RF PCB, the output signals are received by another 14-dBi horn
antenna and down-converted by a mixer. The spectrum is analyzed by a spectrum analyz-
er (Keysight E4448A) and the constellation and EVM are evaluated by an oscilloscope
(Keysight DSA91394A). Regarding the TX-to-RX measurement, one TX-mode PCB and
one RX-mode PCB are utilized. With two horn antennas, the TX-to-RX EVM and com-
munication distance are measured. The maximum communication distances in this work
are defined by the required TX-to-RX SNRs for a bit error rate of 107> regarding different
modulation schemes, which are -9.8 dB for QPSK, -16.5 dB for 16-QAM, and -22.5 dB
for 64-QAM.

The TX-mode EVMs of TRX element 1 are measured with different modulation
schemes. The RF center frequency for this measurement is 61.56 GHz. Fig. 4.21(a)
shows the 16-QAM EVMs against the output power with different channel bandwidth-
s. Minimum TX-mode EVMs of -28.0 dB for one-channel, -24.7 dB for a two-bonded

channel, and -18.5 dB for a four-bonded channel are achieved by the proposed transceiver.
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Carrier freq. 61.56GHz 61.56GHz 61.56GHz
BW. (1-ch.) (1-ch.) (1-ch.)
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Figure 4.22: Measured spectra, constellations, TX EVMs, and TX-to-RX EVMs with
one-channel bandwidth.

The measured 64-QAM EVMs are shown in Fig. 4.21 (b). The proposed transceiver real-
izes TX-mode EVMs of -27.2 dB and -24.8 dB for one-channel and two-channel-bonding
bandwidths, respectively.

Fig. 4.22 summarizes the performance of the proposed bi-directional transceiver with
one-channel bandwidth. SC-mode data communications in QPSK, 16-QAM, and 64-
QAM can be supported. The measured maximum communication distances are 0.61 m
in QPSK, 0.12 m in 16-QAM, and 0.07 m in 64-QAM. The TX-mode output spectra
satisfy the spectrum emission mask defined in IEEE 802.11ad/ay. The corresponding
TX-to-RX EVMs for QPSK, 16-QAM, and 64-QAM are -24.8 dB, -24.3 dB, and -24.0
dB, respectively. In this work, the maximum data rate realized in 64-QAM is 21.12 Gby/s,
which is measured with a two-channel-bonding bandwidth. Fig. 4.23 shows the measured
performance with a two-bonded channel. The achieved TX-to-RX EVMs are -22.7 dB
for QPSK, -22.2 dB for 16-QAM, and -22.5 dB for 64-QAM. The four-channel-bonding
performance is demonstrated in Fig. 4.24. Four-channel-bonding data rates of 28.16
Gb/s and 14.08 Gb/s are realized by the proposed transceiver in 16-QAM and QPSK,
respectively. The TX-mode EVMs and TX-to-RX EVMs are -19.3 dB and -17.7 dB for
QPSK, -18.5 dB and -17.6 dB for 16-QAM. The measured two-channel-bonding and
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Carrier freq. 61.56GHz 61.56GHz 61.56GHz
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Modulation QPSK 16QAM 64QAM
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Figure 4.23: Measured spectra, constellations, TX EVMs, and TX-to-RX EVMs with
two-channel-bonding bandwidth.

four-channel-bonding spectra also satisfy the channel-bonding spectrum emission masks
defined in IEEE 802.11ay.

Table 4.2 shows the power consumption summary. The analog and digital VDDs in
this work are both 1 V. Including the I/Q LO generation, the TX-mode power consump-
tion is 105 mW while the RX-mode power consumption is 128 mW. Table 4.3 compares
this work with the state-of-the-art 60-GHz transceivers. Thanks to the proposed area-
efficient bi-directional technique, the proposed two-element transceiver chip consumes 6-
mm? area. The required area for a single-element transceiver is 3 mm?. A maximum raw
data rate of 28.16 Gb/s per element-transceiver is realized in 16-QAM. The proposed chip
could be configured for IEEE 802.11ay MIMO communication. Concerning the required
ultra-high data-rate and the numerous number of transceiver elements, the proposed chip
could significantly suppress the manufacturing cost of the frontend while maintaining the

high-speed data communication.
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Figure 4.24: Measured spectra, constellations, TX EVMs, and TX-to-RX EVMs with
four-channel-bonding bandwidth.

4.4 Conclusion

This Chapter introduces a 60-GHz CMOS bi-directional transceiver designed for IEEE
802.11ay. The bi-directional amplifier proposed in this paper allows the sharing of the
interstage passive components, which further reduces the required on-chip area. A two-

element transceiver chip consumes 6 mm? area including the pads. The proposed transceiv-
er is evaluated with SC-mode modulated signals. The realized maximum data rate in

64-QAM is 21.12 Gb/s with a two-channel-bonding bandwidth. The maximum data rate

achieved by this work is 28.16 Gb/s in 16-QAM with four-channel-bonding bandwidth.

Reduced manufacturing cost along with high-speed data communication could be sup-

ported for the next generation WALN.
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Table 4.3: Performance Comparison of 60-GHz Transceivers

TX Pout . Power
Data rate /ant. path RX NF Area Integration Consumption
2.0dBm at 5 | 90nm, direct conversion, | TX: 347mW
[10] zngsliéS TXEVM | 7.1dB é;if:”:)?ly TX, RX, LO, analog BB | RX: 274mW
=-22.0dB (RFIC only) RFIC only
29.0mm> 90nm, 32-element, TX: 1200mW
[49] N.A. N.A. <9.0dB* 39%element heterodyne, TX(IF), RX: 850mW
RX(F), LO 32xele.
21.12Gb/s) 7.0dBm at 17.6mm? | 65nm, direct conversion TX: 544mW
[15] | per TRX | TX EVM N.A. 2xe;lement 2"1’“X YRX. 21O 7| RX: 432mW
64QAM | =-22.0dB ’ ’ ' 2xele.
6dBm* at 5 28nm, 4-element, TX: 670mW
[27] 1282‘/;/[ TXEVM | 4.8dB* 4lz?rnment direct conversion, RX: 431mW
=-23dB TX, RX, LO. 4xele.
7.3dBm at
42.24Gb/s 65nm, direct conversion, | TX: 169mW
571 gaam | TXEVM | NA. 6mm* TX, RX, LO. RX: 139mW
=-22.0dB
4.6Gbys -2.0dBm at 21.9mm? 40nm, 12-element, TX: 8400mW
[59] 16Q0AM TXEVM | 6.5dB RFIC only heterodyne, TX(IF), | RX: 6600mW
=-22.0dB 12xelement| RX(IF), LO (RFIC only) 144xele.
4.3mm” 28nm, digital polar TX, )
[48] iééi?\ﬁs N.A. 7.0dB | RFIC only direct conversion RX, Ei ﬁgrnr?x
2xelement | TX, RX, LO, w/o PLL. )
21.12Gb/s
per TRX )
This | 64QAM -iidg\rfnl\;t 43dB 6.0mm? 65nm, direct conversion, Ei ;gﬁ\x
Work | 28.16Gb/s ) 2xelement TX, RX, LO. .
=-26.0dB 2xele.
per TRX
16QAM

* estimated from the material.
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Chapter 5

L.O Phase Shifting Phased-Array

Transceiver

60-GHz CMOS transceivers have been introduced in Chapter 3 and Chapter 4 for the next
generation WLAN system. Area-efficient solutions with significantly improved data rate
have been provided. Similar to the WLAN system, mobile communication network also
requires an improvement in the data access speed. This chapter will introduce a CMOS

implementation of the 28-GHz phased-array transceiver designed for 5G NR.

As mentioned in Chapter 1, the next generation mobile network 5G NR will also u-
tilize the millimeter-wave spectrum to boost the data rate. Among the FR2 defined in
5G, band n257, which is from 26.5 to 29.5 GHz, could be available in most parts of
the world. Extremely high speed wireless communication experience could be provid-
ed. Different from the transceivers designed for the under-6-GHz band, the silicon-based
millimeter-wave phased-array transceivers demand a larger array size. Accurate beam
control is required for providing stabilized data communication and avoiding interference
[2, 60]. An improved phase tuning resolution along with suppressed gain and phase errors
will be required. During the past few years, radio-frequency (RF), local-oscillator (LO)
and baseband phase shifting architectures are utilized in millimeter-wave phased-array
transceivers. Fig. 5.1 shows a comparison between different phase shifting architec-
ture. The RF phase shifting architecture, which shares the mixer and LO distribution,
can reduce area and power consumptions [2-9]. However, the RF phase shifters suffer
from gain variation during phase tuning, which is usually more than 0.5 dB [61-64]. A
gain-compensated phase map will be required to be maintained regarding the varying RF
path gain. Baseband phase shifting architecture can realize very predictable and high-
resolution phase tuning with the baseband analog circuits [23]. However, due to the large

fractional bandwidth for the baseband phase shifters, gain and phase mismatches will
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Figure 5.1: Comparison of phase shifting architecture.

arise along the frequency between the transceiver elements. Additionally, the quadrature
LO distribution not only consumes power and area but also degrades the I/Q imbalance

of the transceiver.

By saturating the mixer with enough LO voltage swing, LO phase shifting architec-
ture can realize fine phase tuning with greatly improved gain and phase errors [65—-67].
Although the LO distribution consumes additional area and power, the induced area and
power consumptions could be suppressed by the power-efficient design and the LO shar-

ing between the transmitter and receiver.

In this chapter, a 28-GHz phased-array transceiver chip based on the LO phase shifting
architecture is introduced. The proposed transceiver chip is fabricated in a 65-nm CMOS
process featuring low manufacturing cost. The proposed LO phase shifter achieves a
measured RF gain variation of less than 0.2 dB and an RMS phase error of 0.3°. The
eight-element transceiver modules in this work are capable of scanning the beam from
—50° to +50°. Accurate beam control with suppressed sidelobe level is realized during the
beam scan. At a distance of 5 m, the proposed module demonstrates the first 512-QAM
constellation in the 28 GHz band. A data link of 6.4 Gb/s in 256-QAM is maintained

within a scan angle of —50° to +50°.
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Figure 5.2: Calculated LO leakage limitation and the required IRR against the array size
N.

5.1 Considerations on the LO Phase Shifting Architec-

ture

An optimized EVM performance over a long communication distance is supposed to be
maintained by the future 5G millimeter-wave phased-array transceivers. High-speed,
low-latency, and stabilized data links with suppressed sidelobe and spurious levels are
required over all beam scan angles. As mentioned in Chapter 3, due to the enlarged band-
width, careful considerations on the noise figure (NF), linearity are always essential for
millimeter-wave transceiver design. On the other hand, due to the enlarged array size,
an improved phase shifting resolution along with suppressed phase and gain errors will
be strongly demanded. To improve the phase tuning resolution, design considerations
are required for the phase-shifting architecture, magnitude and phase errors, power con-
sumption and area. Adding additional least significant bit (LSB) to the passive RF phase
shifters [63, 68] could improve the resolution, but the circuit for the LSB will induce ex-
tra insertion loss and area cost. The gain error performance will also be degraded during
phase shifting. RF active vector summing phase shifters [64, 69] can solve these prob-
lems to some degree. However, a compensated phase map is required for cancelling the
gain and phase errors caused by the I/Q generation. As a result, to support accurate beam
control with suppressed sidelobe level, the RF gain-invariant LO phase shifting architec-

ture is adopted in this work. The sidelobe regrowth caused by the gain variation during
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Figure 5.3: Analysis model for LO leakage and image signal.

phase tuning can be significantly suppressed. When compared with the RF phase shifters,
the LO phase shifters only need to cover a limited frequency range. A much-improved
phase tuning step with sufficiently small phase error could be achieved by LO phase shift-
ing architecture. At the same time, because the LO phase shifters are located in the LO
path, gain variation of the LO phase shifters during phase tuning will not influence the
RF path SNDR. As a result, an optimized transceiver SNDR along with stabilized data
communication can be realized during beam steering.

However, when utilize the LO phase shifting in combination with the heterodyne ar-
chitecture, the LO leakage and the image signal will potentially generate spurious over the
air. As aresult, a stringent level for spurious radiation is regulated by the SG NR standard
for FR2 [70, 71]. The BS transmitter spurious emission limit defined in 5G NR for FR2
is less than Pg,,, Trp=-13 dBm/MHz [72]. Regarding the BS type 2-O requirement, the
maximum radiated LO leakage power per element can be found through dividing Pgp,, trp
by N, where N is the array size. When consider a 256-element array, the corresponding
P10 1eax should be kept under -37.1 dBm. Concerning the image rejection ratio (IRR), a

similar equation can be derived:

P out

IRR > —M8M8M8¥ .
P spur_TRP * B Wt

N (3.1

where P, denotes the radiated power of the transmitter and BW, is the maximum trans-
mission bandwidth in megahertz for a corresponding BW,. Fig. 5.2 shows the LO leakage
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Figure 5.4: Calculated (a) image beam direction 6y, and (b) LO leakage beam direction
0o against RF beam direction 6, with different intermediate frequencies (IFs).

limitation and the required IRR for a single-element transmitter against the array size. For
a BW, of 100 MHz together with a P, of 15 dBm, the IRR should be larger than 32.3
dBc for a 256-element array.

Even when the total radiated LO leakage and image power meet the spurious emission
limits, careful design is still required for the image and LO leakage radiation patterns. For
phased-array transceivers based on the LO phase shifting, all RF frequency components
are shifted with the same phase. Thus, beam squinting will occur in the image and LO
leakage beams. Fig. 5.3 shows the analysis model for the image and LO leakage patterns.
When the linear array with N isotropic radiators in the figure scans the beam to 6y, the
beam patterns Fy(6) and Fo(0) for the image signal and the LO leakage, respectively,
can be calculated by summing over the transmitter elements. For simplicity, the wt terms
are omitted in the following equations [73]:

KrpVirVio sin [0.5Nd(kpy sin 6 — kgg sin )]

Fim(0) = 52
m(9) Y VIRR N sin0.5d(kpy sin 6 — kgg sin 6p) (5-2)

sin[0.5Nd (ki o sin 0 — kgg sin 6p)]
Fio(6) = KoV, 5.3
Lo(®) = KioVio N sin 0.5d(ky o sin 0 — kg sin 6p) (5-3)

In the equation, krg, kv and ko denote the propagation constants for the RF signal, the
image signal and the LO leakage, respectively, while d represents the spacing between

elements. Different from the RF beam direction 6,, the image and LO leakage beam
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Figure 5.5: System block diagram of the proposed phased-array transceiver.

directions 6y and 6| ¢ are given as follows:

. WRF .
sinf o = —— sin b
wLo

(5.4)

sin fpy = “RE sin 6,
WM

The analysis above shows that the image and LO leakage also benefit from the array
factor. When the RF beam is steered to 6y (6 # 0°), the image and LO leakage beams
can point in completely different directions due to beam squinting. In consideration of a
256-element array, the radiated image and LO leakage will cause potential interference.
As a result, an IF range of 2.5 to 5.5 GHz and an LO range of 23.4 to 24.6 GHz are
selected in this work not only due to the frequency generation plan but also because of the
directions of LO leakage and image beams. The image and LO leakage in the transmitter
is also well-suppressed without any lossy notch filters, which contributes to a power- and

area-efficient design.
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TX Divider Mixer RF Buffer PA Board loss Total
Power Gain [dB] -7.00 -10.00 8.00 20.00 -3.00
Cumulative Gain [dB] -7.00 -17.00 -9.00 11.00 8.00 8.00
NF [dB] 7.00 10.00 9.00 8.50 3.00
Cumulative NF [dB] 7.00 17.00 26.00 26.50 26.50 26.50
OIP3 [dBm] 100.00 3.00 15.00 24.50 100.00
Cumulative OIP3 [dBm] 100.00 3.00 9.54 23.32 20.32 20.32
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Figure 5.6: Level diagram design of the transceiver.
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Figure 5.7: Transmission line branching network for IF combining and splitting.

5.2 Circuit Implementation

Fig. 5.5 shows the block diagram of the proposed four-element phased-array transceiver.
A superheterodyne architecture is adopted in this work to remove the in-band LO leakage
and image. The element-transmitter in this work consists of a two-stage PA, a one-stage
RF VGA, and an up-conversion mixer, while the element-receiver includes a three-stage
LNA, a one-stage RF VGA, and a down-conversion mixer. Fig. 5.6 shows the level
diagram of the phased-array transceiver chip. The linearity of the transmitter is optimized
regarding the input branching network. Complex modulation scheme could be supported
by the proposed chip. Fig. 5.7 shows the branching network for combining/splitting the 4-
GHz IF signal. The branching network is designed using the 50-ohm TLs. The simulated
splitting loss is 7.5 dB at 4 GHz, including the splitting ratio and distribution loss. The



84 LO Phase Shifting Phased-Array Transceiver

L: 60nm
L: 60nm L: 60nm W: 3umx25 .. 3
W: 3umx20 W: 3umx20 MIMTL. 2223
I ' _L L o—o—| 90pm
I-- -l I
I:I_ =i = 300pm  20pm
- ! . VDD _| [ g =0
External ' : T £ To
achzin TO, . 1 E 0.6V 2l| Losw
. 1 _¢—¢é I
o—| 4GHz L: 60nm I:-|
Notch W: 3umx20 3 VDD
3 L: 60nm
L: 60nm W: 3umx25
W: 3umx20
Figure 5.8: Circuit schematic of multiplier.
't 20 5-1 20 —— =
m —— 5th Harmonic X6 on
E B1 00 —?:E :armonic §g on:z
< 10 g el s any
3 280 |l 5th Harmonic LO Path
o. D en |00 L 7th Harmonic LO Path
© 0 o 60
: ‘ - —
o S 40
£-10 g
ks = 20
£ -20 T o0
234 237 24 243 246 234 237 24 243 24.6
Output Freq. [GHz] Output Freq. [GHZz]
(a) (b)

Figure 5.9: Measured (a) 6th-order harmonic output power and (b) harmonic suppression
for multiplier.

required 24-GHz LO is generated by multiplying the external 4-GHz signal by six. An
amplifier-based LO switch is utilized to redirect the 24-GHz LO to the transmitter array
or to the receiver array. The LO distribution in this work is realized in a single-ended
formation. The single-ended LO is transformed into a differential before the transceiver
elements. The coupling between the LO and the IF distributions can induce gain and phase
mismatch among the transceiver elements, so the crossing component for the distribution
is carefully designed. The measured coupling ratios are less than -45 dB at 24 GHz and
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of the proposed LO phase shifter.
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and

corresponding RMS gain error for the LO phase shifter.

less than -60 dB at 4 GHz. An LO phase shifter designed for the optimized gain and phase

errors is utilized to maintain the required phase shifting. A logic block for digital control is

also integrated into the chip for controlling the bias and switches. The transceiver chip can

be changed between transmitter and receiver modes by the logic controller. Additionally,

functions like gain control, poly-phase filter (PPF) quad-phase calibration, and fine phase
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Figure 5.12: Circuit schematic of up-conversion mixer and RF VGA.

tuning are realized with an external microprocessor through the digital control block.

521 LO

Fig. 5.8 shows the circuit schematic of the multiplier. This work utilizes a frequency
tripler and doubler to realize the required six-fold multiplication. Because the 7th har-
monic of the multiplier falls inside the operational bandwidth, harmonic suppression of
the multiplier is optimized in consideration of improving the EVM and decreasing the
spurious emissions. The proposed tripler has a differential topology [74]. Thus, the even-
order harmonics, which fall close to the desired 3rd-order output, are suppressed. To
further prohibit the strong external 4-GHz signal from entering the doubler, an LC notch
filter designed at the fundamental frequency is inserted. The doubler in this work also
adopts differential topology. The differential outputs are combined together for suppress-
ing the odd-order components. The output matching networks are designed based on the
50-ohm TLs. The TLs with shunt MIM capacitors to ground are utilized for the power
supply. The gate bias of the doubler is optimized for a higher 2nd-order harmonic [75].
Fig. 5.9 (a) demonstrates the measured saturated power of the desired 6th-order output
for a stand-alone multiplier. Within the frequency range of 23.4 to 24.6 GHz, the satu-
rated output power is around -3 dBm. The measured harmonic suppressions are shown
in Fig. 5.9 (b). The 5th, 7th, and 8th harmonic suppressions for the multiplier are larger
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Figure 5.14: Measured (a) output power and gain and (b) power-added efficiency of power
amplifier.

than 30 dB, while the 4th harmonic suppression is around 20 dB. The measured harmonic
suppressions for the complete LO path, including the multiplier, the LO switch, and the
phase shifter, are also shown in the same figure. The 4th, 5th and 7th order harmonic
suppressions at 24-GHz LO frequency are larger than 30 dB.

The proposed LO phase shifter designed for each transceiver element is shown in Fig.
5.10. To realize a fine phase shifting step, the 24-GHz LO is first sent for the quad-
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Figure 5.16: Measured receiver-mode IRR against input RF frequency.

phase generation. Afterward, the generated quad-phase LOs are selected by a quadrant
selector and finally shifted by a fine phase shifting stage. As a result, the fine phase
shifter in this work only needs to cover 90°. Thus, a linear and high-resolution phase
tuning can be achieved. For the quad-phase generation, a constant-magnitude PPF is
adopted in this work [76]. Varactors controlled by the 10-bit DACs are utilized in the
PPF. The quadrature phase mismatch after fabrication can be compensated by tuning the
varactor. A tuning range larger than 20° is maintained at the LO frequency of 24 GHz.
With default bias setting, a PPF phase mismatch of 5.1° is measured at 24 GHz. After
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Table 5.1: Core Area of Blocks

Blocks Core Azrea
[mm~]

PA 0.18
RF Buf. & Mixer 0.16
LO Phase Shifter & Buf. 0.25
LNA 0.24
Multiplier 0.3
LO SW &Buf. 0.27
Logic 0.64

tuning the varactor, the phase mismatch is reduced to less than 0.1°. The imbalance of
the quad-phase outputs can also be influenced by the input common-mode signal and
the load impedance variation. Thus, a differential buffer with enhanced common-mode
rejection is inserted before the PPF to suppress the common-mode generated by the on-
chip balun. Concerning the load impedance variation during the fine phase tuning, the
quadrant selector in this work adopts a cascode switching array topology to provide the
required isolation between the PPF and fine tuning stage. The load impedance variation

is suppressed during the phase shifting.

The circuit schematic of the fine phase shifter is also shown in Fig. 5.10. To cover
a 90° tuning range, an LC tank is utilized in this work. Considering an LO frequency of
wro and tank quality factor of Q, the magnitude and phase responses can be expressed

using the following equations:

- \/1 +Q2(@_&)2

@ WrLo (5.5)
Q= arctan(Q (& - @))

WLo Wo

where w denotes the resonant frequency for the LC tank. To maintain a phase shift from
—45° to +45°, the capacitance tuning range of C; to C, is required to be covered, where
C, and C, are defined by:

202
C =
' Lty (200 1140+ 1) 56)

_ 20
Lo, (202 - {1+4Q7 +1)

&)

5.7
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Figure 5.17: (a) Die micrograph of four-element phased-array transceiver chip and (b)
photograph of transmitter-mode RF PCB.

The Q for the tank is reduced to extend the capacitance tuning range. High-resolution
phase tuning is realized with a 3-bit capacitor bank together with a 10-bit DAC-controlled
varactor. The stacked varactor in this work is designed to achieve a wider phase coverage
along with linear phase tuning. The measured raw gain variation of the phase shifter is
2.7 dB at 24 GHz.

After the LO phase shifter, a two-stage differential LO buffer is inserted. A small
transistor size of 0.06um/2um X 10 is selected for saturating the LO driving power with
reduced power consumption. The two-stage LO buffer only consumes 17 mW when mea-
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Figure 5.18: Measured transceiver characteristics: (a) transmitter-mode conversion gain,
(b) transmitter-mode linearity and PAE, (c) receiver-mode conversion gain and (d)
receiver-mode noise figure.

sured. Furthermore, to suppress the LO leakage due to the imbalanced differential LO, a
shunt-shorted TL stub for common-mode rejection is inserted before the mixer.

Fig. 5.11 (a) shows the measured phase shift for the proposed LO phase shifter. A
360° tuning range and a tuning step of less than 0.04° are achieved by the proposed circuit.
Thanks to isolation from the quadrant selector, the phase control code for the fine stage
could be shared within the four quadrants. The measured RMS phase error is only 0.3°
due to the code sharing. The measured RF gain variation is shown in the Fig. 5.11 (b).
With the help of the power-efficient LO buffers, the measured RF gain variation is less
than 0.2 dB within a frequency range of 26.5 to 29.5 GHz. The calculated RMS gain
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Figure 5.19: Measured transmitter-mode (a) LO leakage and (b) IRR.

error is less than 0.04 dB. Thus, an RF gain-invariant, quasi-continuous phase tuning is
realized with a sufficiently small phase error, allowing the proposed LO phase shifter to
accurately control beam.

The required calibration also benefits from the proposed LO phase shifter. Because
of the gain-invariant phase tuning, accurate calibration could be maintained with a simple
procedure. Additionally, by choosing part of the control codes, the phase shifter can be
easily configured into a coarse phase shifting mode if accurate calibration is not required.
The calibration time could be further shortened depending on the required calibration

accuracy.

5.2.2 Transmitter

The transmitter proposed in this work adopts a differential topology. Fig. 5.12 shows the
up-conversion mixer along with the RF VGA. A double-balanced passive mixer is used to
suppress the LO leakage through both the IF and RF sides. To save power, the transistor
size in the mixer is optimized for a large LO swing. Two current sources are attached to
the IF input for adjusting the DC offset [13, 30]. A designed tuning resolution of 0.1 mV
is realized by the 10-bit DACs. To calibrate the magnitude mismatch between different
elements, a DAC-controlled TL-based RF VGA is used to realize a less-than-0.1-dB gain
tuning resolution along with a 10-dB tuning range. The phase variation of the VGA can
be easily compensated by gain-invariant phase tuning.

Regarding the 5G CMOS PA design, larger output power with higher power-added



5.2 Circuit Implementation 93

10 —-10
E ©64QAM 100MHz m ©256QAM 100MHz
15 T 15
E A64QAM 800MHz e A 256QAM 800MHz
s -20 ol < -20
2 25 ™ o '-'24-25
= -30 g -30 A
é 35 | <, @ -35 Ap
5< 40 w o 40 w
x 3
-45 F 45
25-20-15-10 -5 0 5 10 15 25-20-15-10 -5 0 5 10 15
Pout [dBm] Pout [dBm]
(a) (b)
40 /;\ N
2 20 SNDR B
= m 40
£F 0 3,
Sm Pout
o 14
< ©-20 a 30
& &
5 -0-40 v SNDR BW=100MH
R | 20 — = ¥4
é .60 |_Noise Floor é =—=SNDR BW=400MHz
===SNDR BW=800MHz
-80 10
50 -45 -40 -35 -30 -25 -20 50 -45 -40 -35 -30 -25 -20
Pin [dBm] Pin [dBm]
(c) (d)

Figure 5.20: Measured (a) TX EVM in 64-QAM; (b) TX EVM in 256-QAM; (c) RX
output power, IM3, noise floor, and SNDR at 28 GHz and (d) RX SNDRs with different
input signal bandwidths.

efficiency (PAE) is always desirable. To achieve larger power delivery, the PA in this work
also adopts differential topology. Fig. 5.13 shows the circuit schematic of the proposed
two-stage PA. The input of the driver stage is designed based on the reliable and compact
TL matching. Both the driver and final stages are designed based on the common-source
(CS) topology. At the output, a balun optimized with low insertion loss is utilized to
combine the differential signals to single-ended. The 3D model for the balun together
with the DC supply line is also shown in the figure. The simulated insertion loss of the
balun is 0.6 dB at 28 GHz. Fig. 5.14 shows the on-wafer measurement result for the
stand-alone PA. The measured gain at 28 GHz is 13.5 dB. The achieved saturated output
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Figure 5.21: Photograph and schematics of eight-element transceiver module and dipole-
array antenna.

power is 17.7 dBm with an output P;4g of 16.1 dBm. Fig. 5.14 (b) demonstrates the
corresponding PAE against the output power. The peak PAE realized by this work is
30.6% at a 17.5-dBm output. The measured PAE at Py4p is 23.2%.

5.2.3 Receiver

A 28-GHz receiver demands optimizations with respect to noise figure and linearity. As
a result, a three-stage CS LNA with an optimized NF is utilized in this work. Fig. 5.15
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Figure 5.22: Measured beam patterns for eight-element transceiver module: (a) TX mode
and (b) RX mode.

shows the circuit schematic of the LNA. The single-ended LNA is designed based on TL
matching. At the RF input, a shunt stub shorted to ground is applied for electrostatic
discharge protection. Regarding the potentially received out-of-band interferences, such
as the LO leakage and image mentioned in Section 5.1, an LC notch designed at the image
and LO frequency is inserted at the third stage. Fig. 5.16 shows the measured IRR for the
receiver against the input RF frequency. The measurement is carried out with a fixed LO
frequency of 24 GHz. Within the 5SG NR band n257, the measured IRR is always higher
than 30 dB. The rejection at the 24-GHz LO frequency is higher than 22 dB. Additionally,
the single-ended output of the LNA is further transformed into differential output by a 28-
GHz balun. A differential RF VGA is inserted to suppress the balun mismatch and provide

the variable gain.
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Figure 5.24: Measured beam-steering performance of proposed eight-element phased-
array transceiver.

The down-conversion mixer in LO phase shifting phased-array transceivers are ex-
posed to spatial blockers. Careful design considerations will be required both in system
and building block levels. In this work, a passive double-balanced mixer with an opti-
mized IIP3 is utilized for down-conversion. A simulated IIP3 of 15dBm is achieved for
the mixer, which will not limit the blocker-tolerance of system. Facing a strong spatial
blocker, the receiving performance can be improved by decreasing the gain of the LNA
and RF VGA.
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Table 5.2: Power Consumption of Blocks

Sub Power Consumption

Blocks [mMW]
TX PA 179.8
RF Buf. 31.6

Mixer 0.6

RX LNA 30.6
RF Buf. 19.5

Mixer 0.7

LO Multiplier 37.1
LO Switch & Buf. 28.0

PPF Buf. 44 .4

LO Phase Shifter 10.3

2-Stage LO Buf. 16.6

5.3 Measurement Results

The proposed 28-GHz four-element phased-array transceiver is fabricated in a standard
65-nm CMOS process. Fig. 5.17 (a) shows a die micrograph of the chip. The chip
size is 3 mm X 4 mm. Table 5.1 denotes the core area breakdown of the key building
blocks. A single-element transceiver occupies an on-chip area of 1.85 mm?. To evaluate
the characteristics of the proposed transceiver array, RF printed circuit boards (PCBs)
are designed for the transmitter and receiver arrays separately. Fig. 5.17 (b) shows the
PCB for the transmitter array. Two chips are wire-bonded to the PCB. The transmitter
outputs from the chips are connected to 50-ohm transmission lines and further distributed
symmetrically to SMPM connectors. This work assumes a 0.5-nH bond wire inductance.
Matching networks for compensating the inductance are inserted on both the chip and the
PCB. The insertion loss of the PCB is measured by comparing the saturated transmitter-
mode output power of the on-wafer measurement and the PCB measurement. A PCB loss
of 6.04 dB is observed at 28 GHz including the bond wire and the SMPM connectors.
The measured magnitude and phase mismatches between channels are less than 2.9 dB
and 9.2°, respectively. During the over-the-air (OTA) measurement, the mismatches are
compensated by tuning the RF VGA and LO phase shifter. For evaluating the receiver
array, a similar PCB i1s also implemented.

Fig. 5.18 shows the measured characteristics of a single-element transmitter and re-
ceiver. Within the frequency range of 26.5 to 29.5 GHz, the measured transmitter-mode
conversion gain is around 10 dB. Fig. 5.18 (b) shows the measured on-wafer output pow-

er and the PAE at P,gg of the transmitter. The proposed transmitter achieves a saturated
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Figure 5.25: Equipment setup for the 5-m over-the-air (OTA) measurement.
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Figure 5.26: Summarized constellation, TX EVM, and TX-to-RX EVM for eight-element
phased-array transceiver module in 5-m OTA measurement.

output power of 18.0 dBm along with an output P45 of 15.7 dBm at 28 GHz. The mea-
sured 28-GHz PAE is 10.3% at Py4g. Fig. 5.18 (¢) shows the measured conversion gain
against the frequency for the receiver. The flat frequency response of the receiver opti-
mizes the EVM performance. The measured NF for the receiver in this work is less than
5 dB from 26.5 to 29.5 GHz. At 28 GHz, the achieved NF is 4.1 dB. Fig. 5.19 (a) demon-
strates the measured LO leakage power against the frequency for the transmitter. A less
than -50 dBm leakage power can be observed at 24 GHz. Regarding the image rejection,
the measured IRR is larger than 40 dBc from 2.5 to 5.5 GHz IF. Spurious emissions are



100 LO Phase Shifting Phased-Array Transceiver
Modulation QPSK QPSK 16QAM 16QAM
Symbol rate 2GS/s 2GS/s 2GS/s 2GS/s

- Bandwidth* 2.5GHz 2.5GHz 2.5GHz 2.5GHz
S Data rate 4.0Gb/s 4.0Gb/s 8.0Gb/s 8.0Gb/s
GE, Beam direction 20° 50° 20° 50°
% - » Py » -« - [} LY L . L L2
©
é’ L] - L L] [ ] ¢ [ ] L]
<« | Constellation**
5 [] ) . [} Fy » F) L)
ug, . «| @ ?|l e ¢ » ale « w @
TX EVM (RMS)** | -31.6dB (2.6%) | -31.4dB (2.7%) | -31.4dB (2.7%) | -31.1dB (2.8%)
TX':;;\',T;)EYM -29.6dB (3.3%) | -28.4dB (3.8%) | -29.0dB (3.5%) | -28.2dB (3.9%)
Modulation 64QAM 64QAM 256QAM 256QAM
Symbol rate 2GS/s 2GS/s 800MS/s 800MS/s
- Bandwidth* 2.5GHz 2.5GHz 1.0GHz 1.0GHz
S Data rate 12.0Gb/s 12.0Gb/s 6.4Gb/s 6.4Gb/s
QE, Beam direction 20° 50° 20° 50°
; 8 e 00 8 o 3 LR K NP N BN N
¢, e 0w e o o % » ¢« 8 8 » o
é & 3 2 v : : . e e 5 & » 3 v .
< | Constellation™ | 711710 1] NN
% o ¢ % &4 v & 8 € o ° o2 & o
e SN RIS
TX EVM (RMS)™* | -31.3dB (2.7%) | -30.9dB (2.9%) | -36.3dB (1.5%) | -35.9dB (1.6%)
P ey | 2928 (3.5%) | -27.8dB (4.1%) | -33.4dB (2:1%) | 30.7dB (2.9%)

*The roll-off factor is 0.25.
**Constellation, and TX EVM are measured with an external downconverter.
***TX-to-RX EVM(RMS) is measured through TX and RX, which is equivalent to -SNR(MER).

Figure 5.27: Measured beam scan performance of eight-element phased-array transceiver
module in 5-m OTA measurement.

suppressed by this work.

Fig. 5.20 (a) shows the measured SC mode EVM in 64-QAM for the transmitter.
The peak EVM in 64-QAM is -41.1 dB for a 100-MHz bandwidth and -36.7 dB for a
800-MHz bandwidth. Concerning the required -26-dB transmitter EVM in 64-QAM for
a less-than-10~3 TX-to-RX bit error rate [31], the proposed transmitter achieves a 11.7-
dBm output power. Fig. 5.20 (b) demonstrates the measured EVM in 256-QAM. The
peak EVMs in 256-QAM are -37.1 dB and -40.8 dB for the 100-MHz and 800-MHz
bandwidths, respectively. An output power of 6.1 dBm in 256-QAM is achieved at the
-32.9-dB EVM. Still, a larger-than-1-dB margin is left at the output power mentioned
above for the required -31.5-dB transmitter EVM in 256-QAM. For the single-element

receiver, the output power, IM3, and the output noise floor are measured at 28 GHz and
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shown in Fig.5.20 (c). The calculated SNDR of the receiver with different bandwidth is
shown in Fig. 5.20 (d). The maximum SNDRs are 40.8 dB, 39.3 dB and 38.1 dB for
bandwidths of 100 MHz, 400 MHz, and 800 MHz, respectively.

The transmitter and receiver PCBs are further implemented into eight-element trans-
mitter and receiver modules. Fig. 5.21 shows a photograph of the transmitter module. A
total of eight antenna elements are connected to the PCB through the SMPM connectors
with a 6-mm spacing. The 15-element dipole-array antennas are utilized for the element-
antenna in this work [77, 78]. A cosecant-squared shaping beam in elevation is achieved

by the dipole-array. The measured element-antenna gain at 0° in elevation is 11.9 dBi.

The beam patterns of the eight-element transceiver modules are evaluated with an
additional standard gain horn antenna. The normalized beam patterns in the azimuth
plane are demonstrated in Fig. 5.22 with beam scan angles from —50° to +50°. Thanks to
the sufficiently small amplitude and phase errors, the measured sidelobe levels are always
lower than -9 dBc for the TX mode and -11 dBc for the RX mode. The achieved peak-
to-null ratios at 0° scan are higher than 29 dB and 23 dB for the TX and RX modes,
respectively. The measured EIRPs against the beam scan angle for the transmitter module
are shown in Fig. 5.23. The achieved saturated EIRP is 39.8 dBm for eight-element
transmitter and 33.6 dBm for four-element transmitter at 0° scan. The observed 6-dB
difference in EIRP matches with the theory. The measured EIRPs at P 45 are 36.5 dBm
and 30.8 dBm for eight-element and four-element transmitters, respectively.

The beam-steering performance is also measured. Fine varactor tuning of the phase
shifter, which covers 30°, is utilized in this measurement. The proposed transmitter mod-
ule is capable of steering the beam with a 0.1° resolution from —50° to +50° in azimuth
plane with the help of the very-fine phase shifting resolution. The normalized beam pat-
terns for the beam-steering is shown in Fig. 5.24. The RMS steering error is calculated
from the angles at a normalized gain of -8 dB. With the help of the gain-invariant and
quasi-continuous phase tuning, the proposed transceiver module demonstrates an RMS

steering error of less than 0.02° from —0.5° to +0.5°.

During the OTA measurement, the performance of the eight-element phased-array
transceiver is also evaluated with the SC-mode modulated signal. Fig. 5.25 demon-
strates the equipment setups for the TX and TX-to-RX constellation measurements. One
transmitter module is used for the TX measurement. The modulated signals in QPSK,
16-QAM, 64-QAM, and 256-QAM with a 4-GHz frequency offset are generated by an
arbitrary waveform generator (AWG). The radiated signal within a beam angle of —50°
to +50° is received by a standard gain horn antenna at a 5-m distance. An external down-
converter is utilized to down-convert the received signal to low frequency. The EVM and

constellation are evaluated with an oscilloscope. For the TX-to-RX measurement, one
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Table 5.3: Performance Comparison of 28-GHz Phased-Array Transceivers

This work Qualcomm [5] IBM [2] UCSD [8]
Process 65nm CMOS 28nm CMOS 0.13um SiGe 0.18um SiGe
P1dB/path 15.7dBm 12.0dBm™*** 14.0dBm™*** 10.5dBm***
Psat/path 18.0dBm 14.0dBm*** 16.4dBm™** 12.5dBm***
RX NF 4.1dB 4.4-47dB*** 3.7dB*** 4.6dB***
TX Gain/path . .
@28GHz 10dB 15dB 32dB 17dB
RX Gain/path . «
@28GHz 12dB 15dB 34dB 17dB
Integration/chip 4xTRX 24xTRX 32xTRX 4xBeam Former
TX: 299mW TX: 119mW TX: 319mW TX: 200mW
PDC/path @11dBm/path @11dBm/path | @16dBm/path @11dBm/path
RX:148mW RX: 42mW RX: 206mW RX: 130mW
Chip Area 12mm? 29mm’ 166mm? 12mm?
PS Architecture LOPS RF PS RFPS RFPS
RMS Gain var.
Gain Error < 0.04dB N/A < 15dB < 0.8dB
RMS . . .
Phase Error 0.3 N/A <0.8 <6
Phase Res/Step | 2>+ L0 bit/0.3 3 bit/45° 41 Seg /4.9° 6 bit/6
Modul‘e 8x1 4x1 8§x8 8 x4
Array Size
Antenna Antenna Antenna Antenna Antenna
Integration on PCB on PCB in Package on PCB
EIRP @Psat 39.8dBm 35.0dBm/pol. 54.0dBm/pol. 45.0dBm
Polarization Single-Pol. Dual-Pol. Dual-Pol. Single-Pol.
Dimensions of Azimuth onl Azimuth Azimuth Azimuth
Beam Scanning Zimuti onty +Elevation +Elevation +Elevation
Beam Steering R o R
Resolution 0.1 N/A 1.4 !
Distance 5.0m N/A N/A 5.0m
. 64 512 . 16 256
Constellation QAM QAM 64QAM 256QAM QAM QAM
0.4GS/s
Max Symbol Rate | 2.5GS/s | 0.8GS/s (TX only)" N/A 1.5GS/s | 0.25GS/s
Max Data Rate 15Gb/s | 7.2Gb/s N/A 3.5Gb/s* 6Gb/s 2Gb/s
TX-to-RX EVM . w | TXEVM=0.9% . 2.1%
(800MS/s) 1.7% 2.3% (100MS/s) N/A 6.1% (250MS/s)

* Estimated from the material. ** Referred to the RMS magnitude of the constellation.
“** TRX switch included. **** Step limited by phase error.
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transmitter module and one receiver module are utilized. The TX-to-RX EVMs are also
tested at a 5-m distance. The beam directions for both modules are set to 0°, 20°, and
50°. The summarized TX constellation, TX EVM, and TX-to-RX EVM at 0° are shown
in Fig. 5.26. Within a 5-m distance, the proposed eight-element module achieves maxi-
mum data rates of 5 Gb/s in QPSK, 10 Gb/s in 16-QAM, 15 Gb/s in 64-QAM, 12.8 Gb/s
in 256-QAM, and 7.2 Gb/s in 512-QAM. The corresponding TX EVM and TX-to-RX
EVMs are, respectively, -28.8 dB and -25.5 dB for QPSK, -28.7 dB and -25.1 dB for
16-QAM, -27.9 dB and -25.2 dB for 64-QAM, -30.9 dB and -29.3 dB for 256-QAM, and
-35.0 dB and -32.7 dB for 512-QAM. All of the measured EVMs meet the requirements
for a bit error rate of 1073. The beam scan performance summary of the eight-element
module is demonstrated in Fig. 5.27. At a 5-m distance, data streams of 2 GSymbol/s in
QPSK, 16-QAM, and 64-QAM and 800 MSymbol/s in 256-QAM are supported by the
proposed module within +50°. Data rates of 4 Gb/s in QPSK, 8 Gb/s in 16-QAM, 12 Gb/s
in 64-QAM, and 6.4 Gb/s in 256-QAM are realized.

Table 5.2 shows the power consumption breakdown for the proposed phased-array
transceiver. The measured power consumption in transmitter mode for the whole chip is
1.2 W at an output power of 11 dBm per path. In receiver mode, the power consumption
is 0.59 W. Table 5.3 compares this work with some state-of-the-art 28-GHz phased-array
transceivers. The proposed LO phase shifting transceiver chip achieves measured RMS
gain and phase errors of less than 0.04 dB and 0.3°, respectively. Excellent transmitter lin-
earity and receiver NF characteristics are also maintained with moderate power consump-
tion. Regarding the 5-m OTA measurement, the proposed eight-element module reports
the constellations up to 512-QAM. The achieved data rates in 256-QAM and 512-QAM
are 12.8 Gb/s and 7.2 Gb/s, respectively. A maximum data rate of 15 Gb/s in 64-QAM is

realized by the module.

5.4 Conclusion

In this paper, a CMOS 28-GHz four-element phased-array transceiver designed for 5G NR
is implemented. The proposed transceiver based on the LO phase shifting architecture
achieves an RF gain-invariant and continuous phase tuning. The measured RMS gain
and phase errors are less than 0.04 dB and 0.3°, respectively. Accurate beam control
with suppressed sidelobe and spurious radiations can be supported by this work. The
eight-element transceiver modules developed in this work are capable of scanning the
beam from —50° to +50°. During the 5-m OTA measurement, the proposed eight-element
modules report the first 512-QAM constellation in the 28-GHz band. A data rate of 15
Gb/s in 64-QAM is realized by the modules. In addition, within a beam scan angle of
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+50°, the developed modules support 6.4-Gb/s data rate in 256-QAM. Stabilized and

high-data-rate communications could be achieved within all beam scan angles.



Chapter 6

Neutralized Bi-Directional
Phased-Array Transceiver

To cover enough communication distance, as mentioned in Chapter 2, the millimeter-
wave phased-array transceivers designed for the 5G NR requires a large array size. In
consideration of the beamforming and MIMO configuration, the system size, weight along
with the manufacturing cost will be increased due to the required numerous number of
antennas and element-transceivers. As a result, reducing the physical size and cost will
be essential for a SG MIMO system.

To reduce the physical size of the MIMO system, dual-polarized MIMO technique
could be applied. DP-MIMO system utilizes the cross-pol. isolation of the dual-pol.
antennas for MIMO communication. As shown in Fig. 6.1, two data streams named
horizontal-stream and vertical-stream are transmitted simultaneously from the TX array
to the RX array. Due to shared aperture between the H and V streams, the required
antenna number could be reduced to half for a 2X2 MIMO configuration. A compact
system size along with a small system weight could be realized. Fig. 6.2 shows a link
budget example for a 500-m data communication. The modulation scheme is 64-QAM.
Array sizes of 256 and 4 are selected for the TX side and the RX side, respectively.
Although the communication distance could be covered with 4 dB margin, the required
numerous number of element-transceivers still occupy huge on-chip area which increases

the manufacturing cost.

To further decrease the manufacturing cost due to the chip area, the bi-directional
technique could be also be utilized for the 28 GHz phased-array transceivers. Fig. 6.3
(a) shows the circuit schematic of a conventional bi-directional beamformer. For a larger
power delivery, usually differential topology is widely adopted by 5G millimeter-wave

transceivers. Similar to the bi-directional amplifier mentioned in the previous chapter, to
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Figure 6.1: Dual-polarized MIMO.
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Figure 6.2: Link budget for MIMO communication.

support the bi-directional operation, two TRX switches are utilized at the ends of two
amplifier chains. As a result, bi-directional operation could be supported and the passive
phase shifter could be shared. However the unshared inter-stage passive components of
the conventional design still occupies huge on-chip area. To address this issue, Fig. 6.3 (b)
shows the proposed full differential bi-directional beamformer. In this work, a neutralized
bi-directional core which allows the sharing of the inter-stage matching is utilized. The
additional IL caused by the matching sharing could be compensated by the proposed
core in both TX mode and RX mode. Regarding the different requirements from the PA
and LNA, an unbalanced neutralized core is proposed. Finally, usually the passive phase

shifters are utilized in the conventional design for supporting the bi-directional operation.



6.1 Circuit Implementation 107

Ant.
Port

Mode

i)

TX Mode Mixer

R ISR

RX Mode Phase Shifter

(b)

-

J 3z
=N

;1

&

<

o

Figure 6.3: (a) Conventional bi-directional beamformer and (b) proposed full-differential
bi-directional beamformer.

However such phase shifters require gain compensation, which increase the power and
area consumptions. As a result, in this work an active bi-directional vector-summing
phase shifter is proposed. An improved phase tuning resolution could be realized with a
compact on-chip area. The detailed circuits for the proposed bi-directional chip will be

introduced in the following section.

6.1 Circuit Implementation

Fig. 6.4 shows the system block diagram. Totally 8 element beamformers are integrat-
ed in the same chip. To maintain the DP-MIMO configuration, 4 of the beam formers
are for the H polarization and the other 4 elements are for the vertical polarization. In
consideration of the large-sized phased-array and MIMO configuration in 5G NR, bi-
directional technique is utilized in this work for minimizing the on-chip area. The pro-
posed array beamformer is capable of operating in TX and RX modes with the same
bi-directional circuit chain. A single-element beamformer consists of 2-stage PA-LNA,
RF buffer, phase shifter, and isolation buffer. The 28-GHz signal is distributed by a T-
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Figure 6.4: Block diagram of the proposed bi-directional beamformer chip.

TX Divider BIPS w Buffer RF Buffer PA Board loss Total
Power Gain [dB] -10.00 2.00 8.00 10.00 -3.00
Cumulative Gain [dB] -10.00 -8.00 0.00 10.00 7.00 7.00
NF [dB] 10.00 13.00 8.50 8.00 3.00
Cumulative NF [dB] 10.00 23.00 23.76 23.86 23.86 23.86
OIP3 [dBm] 100.00 7.00 14.00 23.40 100.00
Cumulative OIP3 [dBm] 100.00 7.00 11.46 19.31 16.31 16.31
RX Board Loss LNA RF Buffer BIPS w Buffer Combiner Total
Power Gain [dB] -3.00 10.00 8.00 2.00 8.00
Cumulative Gain [dB] -3.00 7.00 15.00 17.00 25.00 25.00
NF [dB] 3.00 6.00 8.50 13.00 0.00
Cumulative NF [dB] 3.00 9.00 9.62 9.89 9.89 9.89
OIP3 [dBm] 100.00 12.00 12.00 4.40 100.00
Cumulative OIP3 [dBm] 100.00 12.00 11.36 3.88 11.88 11.88

Figure 6.5: Level diagram design of the proposed beamformer chip.

junction divider/combiner to each element in single-ended. After the distribution, an
isolation buffer is inserted for suppressing the influence of impedance variation caused
by the phase tuning. Thus, independent phase tuning between each element can be re-
alized. For minimizing the magnitude and phase errors between elements, a calibration
circuit is integrated into the chip. The calibration paths are shared between H and V. The
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Figure 6.6: Circuit schematic of the proposed neutralized bi-directional core.

simulated cross-pol. isolation is higher than 39 dB at 28 GHz. The beamformer chip
can be configured into H/V TX/RX calibration modes by the calibration select switches
using quarter-wave-length TL. The redirected 28-GHz signal is down-converted to a low
frequency, and then the magnitude and phase detection is performed. Fig. 6.5 shows
the system design of the phased-array beamformer chip. The linearity of the TX-mode
beamformer and the NF of the RX-mode beamformer are well optimized.

6.1.1 Neutralized Bi-Directional Core

In this work, the bi-directional amplifiers are designed based on the proposed neutral-
ized bi-directional core. Compared with the conventional switch-based bi-directional ap-
proach, 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 mini-
mized. Fig. 6.6 presents the circuit schematic of the proposed neutralized bi-directional

core, which consists of two transistor pairs in cross-coupling connection. Transistors M1
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Figure 6.7: Circuit schematic of the proposed PA-LNA.
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Figure 6.8: Measured on-wafer performance of PA-LNA: (a) measured PA-mode output
power and (b) LNA-mode NF.

and M2 are utilized for the TX mode, while M4 and MS5 are utilized for the RX mode.
The mode selection is realized by switching the tail bias (M3, M6). If the same tran-
sistor size is selected for M1-2 and M4-5, the Cgd of M1 and M2 will be neutralized
by M4 and M5 in TX mode, while the Cgd of M4 and M5 will be neutralized by M1
and M2 in RX mode. The higher gain characteristics and the enhanced reverse isolation

are realized by the proposed bi-directional amplifier, which contributes to low-noise and
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Figure 6.9: System estimation for the conventional passive bi-directional phase shifter
and the proposed active vector-summing phase shifter.

Figure 6.10: Circuit schematic of the proposed active bi-directional phase shifter.
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high-stability operation as well as an improved phase tuning isolation. By switching the
tail bias, the operation mode could be switched between the TX mode and the RX mode

for a TDD system. While, regarding the FDD implementation, the proposed neutralized
bi-directional core could not be utilized. When both of the tail bias for TX transistor pair

and RX transistor pair are turned on, cancellation of the input signal will occur.

Fig. 6.7 demonstrates the circuit schematic of the proposed PA-LNA. Due to the
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Figure 6.11: (a) Measured phase shifting and (b) RMS phase and gain errors of the pro-
posed bi-directional phase shifter.
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Figure 6.12: Die micrograph of the proposed chip.

different transistor size requirements for PA and LNA, an unbalanced bi-directional am-
plifier 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 in a switch-
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Figure 6.13: Measured on-wafer characteristics of the single-path beamformer.

less manner. A large capacitor in series with a small switching transistor is attached to the
antenna node. By switching the transistor, the output matching network can be adapted
to the required impedance for PA and LNA. The measured on-wafer characteristics of a
standalone PA-LNA is shown in Fig. 6.8. Fig. 6.8 (a) shows the measured output power
of the PA. A saturated output power of 15.4 dBm is achieved at 28 GHz. The correspond-
ing P1dB is 13 dBm. For the LNA-mode, the measured NF is 4.6 dB at 28 GHz. Within
the frequency range of 26.5 GHz to 29.5 GHz, the measured NF is always less than 6 dB.

6.1.2 Bi-Directional Phase Shifter

As mentioned in the previous section, the phase shifters in a bi-directional transceiver also
requires design considerations. Not only the bi-directional operation but also a minimized
system area and power consumptions are required to be achieved. Usually, the passive
phase shifters are utilized for supporting bi-directional operation. However, the insertion
loss of the passive solutions require compensation at the RF path. Fig. 6.9 shows the
system estimation with conventional passive bi-directional phase shifter. Although the
passive phase shifter consumes 0 power consumption, to realize enough RF path gain,
additional RF buffer will be required for gain compensation. To address this issue, this

work adopt an active bi-directional vector summing phase shifter. An improved gain
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Figure 6.14: Measured (a) OFDM-mode EVM and (b) the corresponding ACLR of the
TX-mode beamformer.

characteristic could be supported by the proposed phase shifter. An area-efficient system
could be achieved by removing the RF buffer for gain compensation. Fig. 6.10 shows
circuit schematic of the phase shifter. Two switchable poly-phase filters are utilized in the
proposed phase shifter. They can be configured into the normal PPF mode or the adder
mode. In both TX and RX modes, one of the switchable PPF is configured into PPF mode,
while the other one is configured into adder mode. The VGAs in such a phase shifter
are also based on the proposed neutralized bi-directional core. As a result, the vector
summing could be realized in both TX and RX modes. The bi-directional operation could
be supported with an improved gain performance. Fig 6.11 shows the measured phase
shifting for a 5-bit phase map. 360° could be covered in both TX and RX modes. Within
the frequency range of 26.5 GHz to 29.5 GHz, the measured RMS phase error is always
less than 1.8° and the measured RMS gain error is always less than 0.4 dB.

6.2 Measurement Results

The proposed bi-directional phased-array beamformer chip is fabricated in a standard 65
nm CMOS process. The manufacturing cost is also minimized by using CMOS pro-
cess when considering massive production. Fig. 6.12 shows the die micrograph of the
beamformer. The chip size is 4 mm x 3 mm. Thanks to the area-efficient bi-directional

architecture, the proposed beamformer in this work only occupies an active area of 0.58
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Figure 6.15: Measured (a) output power, IM3, output noise floor and (b) the correspond-
ing SNDRs of the RX-mode beamformer.
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mm?.

Fig. 6.13 shows the measured on-wafer characteristics for a single-path beamformer.

The left hand side summarizes the measured gain characteristics for the beamformer in
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Figure 6.17: Measured beam patterns of two sub-array modules in azimuth plane for (a)
V polarization and (b) H polarization.

TX and RX modes. Within the frequency range of 26.5 GHz to 29.5 GHz, the beamformer
achieves around 14-dB gain in TX mode and 10-dB gain in RX mode including the in-
sertion loss of the divider/combiner. The right hand side shows the measured linearity for
TX mode and NF for RX mode. The achieved Psat and P1dB in TX mode are 15.1 dBm
and 11.3 dBm at 28 GHz. Regarding the RX, a NF of 4.2 dB is achieved at 28 GHz. The
measured NF is always less than 5 dB from 26.5 GHz to 29.5 GHz.

The proposed TX-mode beamformer in this work is also evaluated with the 5G NR
down-link packets. Fig 6.14 (a) summarizes the measured EVM regarding different mod-
ulation schemes and different bandwidths. The proposed TX-mode beamformer achieves
the 64-QAM (MCS19) and 256-QAM (MCS27) EVMs of -25.1 dB and -32.5 dB at the
output power of 5.6 dBm and 0.1 dBm, respectively. The 5G NR standard also set the ad-
jacent channel leakage ratio limitation for the transmitter, which is -28 dB for the 28 GHz
band. The measured ACLR performance for the TX mode beamformer regarding differ-
ent modulation schemes are summarized in Fig 6.14 (b). The bandwidth for this measure-
ment is kept with 400 MHz. From the measurement results, for modulation schemes like
64-QAM and 256-QAM, the maximum output power is mainly decided by the EVM lim-
itation. While for modulation schemes of QPSK or 16-QAM, the maximum output power
is limited by the ACLR. In this work, the corresponding ACLRs are -28.9dBc in 64-QAM
and -33.6dBc in 256-QAM at the output power of 5.6 dBm and 0.1 dBm, respectively.

The RX-mode output power, IM3 and noise floor are also measured at 28 GHz. The
results are shown in Fig 6.15 (a). The RX-mode SNDRs are calculated regarding different
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Figure 6.18: Measurement setup for the OTA measurement.

channel bandwidths. The achieved peak SNDRs are 43.8 dB for 100 MHz, 41.8 dB for
200 MHz and 39.7 dB for 400 MHz. Regarding a large RX input, the SNDR can be
further improved by decreasing the gain level of the LNA or RF buffer.

To further evaluate the over-the-air performance of the phased-array beamformer, the
fabricated chips are implemented into phased-array transceiver module. Fig 6.16 shows
the photograph of the proposed module. The left side shows the front side of the transceiv-
er module and the right hand shows the backside. The proposed phased-array transceiver
module in this work totally consists of 8 sub-array modules. For each of the sub-array
modules, totally 4 of the chips are implemented to the front side in a flip chip manner. In
the backside, a 4x4 dual-polarized antenna array is implemented with a 6-mm spacing.
Each antenna element has H and V ports for dual-polarized excitation. The H and V ports
of each chip are connected to a 2x2 antenna array through the vias. Multiple 4x4 sub-
array module modules in this work can be combined side by side to make a larger array
such as 32x4.

Fig. 6.17 shows the measured azimuth-plane beam pattern using two sub-array mod-
ules. Fig. 6.17 (a) shows the beam pattern for V polarization and Fig. 6.17 (b) shows the
pattern for H polarization. The proposed module is capable of scanning the beam from
—50° to +50°. At 0° scan, the measured saturated EIRP for V pol. is 45.6 dBm.

The sub-array modules are also evaluated with the modulated signals. The equipment

setup for the OTA measurement is shown in Fig. 6.18. Totally two sub-array modules
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Figure 6.19: Measured SC mode and OFDM mode constellations and EVMs.

are utilized in this measurement. One is operating in TX mode while the other is oper-
ating in RX mode. For SC mode measurement, the modulated RF signal for the input
side is generated from the arbitrary waveform generator (Keysight AWG M8195A) with
a frequency offset of 28 GHz. With a 1-meter communication distance, the transmit-
ted signal is received by the RX-mode sub-array module. The received signal is further
down-converted to 4 GHz and evaluated with an oscilloscope (Keysight DSO90804A).
Regarding the OFDM mode measurement, the input RF signal is generated by an AWG
(Keysight AWG M8190A) along with a signal generator (Keysight E§267D). With a max-
imum channel bandwidth of 400 MHz, the beamformed signal is transmitted to the RX
array. Similar to the SC mode measurement, the down-converted signal is evaluated by

the oscilloscope.

Fig. 6.19 shows the measured constellations and EVMs. The upper side shows the
SC mode results. The sub-array module in this work achieves maximum raw data rates
of 6 Gb/s in QPSK, 12 Gb/s in 16-QAM, 15 Gb/s in 64-QAM and 6.4 Gb/s in 256-QAM.
The realized TX EVMs and TX-to-RX EVMs are -25.3 dB and -22.5 dB for QPSK, -24.2
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Figure 6.20: Measured constellations and EVMs for DP-MIMO communication.

dB and -22.1 dB for 16-QAM, -24.2 dB and -22.6 dB for 64-QAM, -29.7 dB and -29.1
dB for 256-QAM. Regarding the OFDM mode measurement, the results are summarized
in the lower side. With 400-MHz channel bandwidth, modulation schemes of QPSK, 16-
QAM, 64-QAM and 256-QAM could be supported by this work. the achieved TX EVMs
and TX-to-RX EVMs are -37.5 dB and -35.1 dB for QPSK, -37.3 dB and -34.8 dB for
16-QAM, -37.0 dB and -34.6 dB for 64-QAM, -36.8 dB and -34.4 dB for 256-QAM.

A 2X2 DP-MIMO measurement is also carried on in this work. Fig. 6.20 summarizes
the results regarding different channel bandwidths. In this measurement, two 5G NR
uplink signals are transmitted from the transmitter side to the receiver side simultaneously.
The measured constellations are shown for H and V streams together. This work supports
a DP-MIMO communication of up to 256-QAM for 100 MHz bandwidth and up to 64-
QAM for 400 MHz bandwidth. The achieved TX-to-RX EVMs are -31.4 dB for 16-QAM,
-31.2 dB for 64-QAM and -31.1 dB for 256-QAM with 100-MHz channel bandwidth
and -26.7 dB for QPSK, 26.2 dB for 16-QAM and 26.2 dB for 64-QAM with 400-MHz
channel bandwidth.
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6.3 Conclusion

This chapter presents a 28-GHz 4H+4V bi-directional beamformer chip supporting DP-
MIMO in 65 nm CMOS. The proposed neutralized bi-directional amplifier significantly
reduces the required on-chip area. A bi-directional vector summing phase shifter is also
introduced. The measured RMS phase and gain errors are 0.4° and 0.2 dB at 28 GHz,
respectively. The array module achieves a saturated EIRP of 45.6 dBm/pol. at 0° scan
when 32H+32V array. In a 1-m OTA measurement, a 4x4 sub-array module supports
single-carrier data-rates of 15 Gb/s and 6.4 Gb/s per polarization in 64-QAM and 256-
QAM, respectively. The measured 400-MHz OFDMA TX-to-RX EVM for the 4x4 sub-
array module at 0° scan is -34.4 dB in 256-QAM. 2x2 DP-MIMO communication with
a 400-MHz 5G NR channel bandwidth is also achieved with a 64-QAM EVM of 4.9%
for the 4x4 sub-array module. Thanks to the proposed bi-directional architecture, the
required on-chip area for a single-element beamformer is less than 0.6 mm?. High-data-

rate, reduced manufacturing cost and compact system size could be achieved by this work.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

This thesis presented novelly proposed building block circuits and transceiver architec-
tures for the next generation wireless communication networks. The data rate could be
significantly boosted and the required chip area could be reduced to almost half for the
next-generation millimeter-wave phased-array transceivers. Facing the design challenges
in the millimeter-wave phased-array transceivers, this thesis provide detailed design re-
quirements and systematic design methodology.

Both system-level and circuit-level key technologies are introduced for improving
the wireless data rate of the transceivers. An accuracy-improved automatic calibration
method is proposed for suppressing the EVM of millimeter-wave direct-conversion transceiver-
s. The calibrated TX LOFT suppression and IMRR are both higher than 45 dB. The TX
EVM is improved from -19.5 dB to -28.7 dB before and after the proposed calibration.
The corresponding TX-to-RX data rate could be boosted from 3.52 Gb/s to 12.32 Gbys.
50.1 Gb/s in 64-QAM is achieved by this work in 60-GHz band.

At the same time, for suppressing the manufacturing cost of the millimeter-wave
phased-array transceivers with enlarged array size, the bi-directional architecture is intro-
duced in this work. The improved gain characteristics and the optimized reverse isolation
realized by the proposed neutralized bi-directional circuitry contributes to a low-noise and
high-stability system performance. The proposed transceiver demonstrates 15-Gb/s data
rate. A 2x2 DP-MIMO communication is also supported by this work for minimizing
the system size. With the proposed technique, the required core area for a single element
transceiver is reduced from 1.3 mm? to less than 0.65 mm?.

To summarize, this thesis introduces novel techniques for improving system EVM and

minimizing chip area. High-data-rate, low-manufacturing-cost, bi-directional millimeter-
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wave phased-array transceivers could be realized for both the next-generation WLAN and

the next-generation mobile networks.

7.2 Future Work

This thesis presents the potential of the millimeter-wave spectrum for achieving ultra-
high wireless throughput. Plentiful frequency resource in millimeter-wave band could
be utilized for supporting the next-generation wireless communication. High-data-rate,
area-efficient and compact transceiver solutions have been proposed and implemented.
Regarding the future extensions of this thesis, the future works and directions in both

system-level and circuit-level will be described in this section.

7.2.1 Background Calibration

As mentioned in Chapter 2, long-ranged communication using the millimeter-wave spec-
trum requires enlarged EIRPs. If without careful control on the gain and phase errors
over element-transceivers, the regrowth of sidelobe will generate potential blockers in

the space. Although foreground calibration circuits for compensating the errors could be
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utilized at the initialization, the errors caused by the temperature over time will still influ-
ence the sidelobe performance. Moreover, the required calibration time also tradeoff the
low-latency requirements.

To address this issue, background calibration could be introduced for suppressing the
errors due to the temperature and reducing the time for initialization. Fig. 7.1 shows
the block diagram for explaining the background calibration. By including the calibra-
tion switchable paths with 10-dB couplers, the foreground calibration could be moved to
background. Because the 10-dB coupler is located at the end of every element-transceiver,
enough attentions should be paid for the insertion loss of the coupler. Degradations should
be avoided against the output power and the PAE of the PA. At the same time, the coupler
characteristics should be co-designed with the SNDR of the calibration network. Margins
should be left for maintaining enough detection accuracy. Finally, methods for reducing

the calibration time will also be strongly demanded.

7.2.2 Gain-Imbalance Improved Bi-Directional Phase Shifters

Phase shifters are the key component for beamforming. The characteristics of phase
shifters will direct influence the gain and phase errors during the beam steering. This
thesis introduced a bi-directional active phase shifter for minimizing the area and improv-
ing the RF path gain. While, the gain error performance for the proposed phase shifter
will be degraded by the unideal switchable PPF. Fig. 7.2 shows the equivalent circuit
schematic of the adder-mode switchable PPF. The output voltage swing V,, could be
derived regarding the input voltages AV} and AVj,:
Z1(Repr — Ron) Z1(Rppr + Ron)

Vour = — AV + AVqy (7.1)
RppeRoN + Zi Rppr + Z1. Ron RppeRon + Zi Rppr + Z1. Ron

Rppr in the equation represents the resistance for PPF while Roy is the parasitic resis-
tance of the transistor switches. Ideally, Ron equals to zero and the proposed switchable
PPF functions as an ideal adder. However, when Ron not equals to zero, gain imbalance
will be induced to the input voltages from I and Q VGAs, which could be expressed with

the following equation:

Rppr + R
GainVar. = ZOlogly(dB) (7.2)

PPF — AON

As a result, additional compensation for the phase codes between I and Q VGAs is
utilized in this work, which is complicated. To address this issue, architectures of bi-

directional active phase shifters are required to be introduced for suppressing the gain
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7.2.3 Cross-Pol. Isolation Enhancement for DP-MIMO

As mentioned in the Chapter 6, the dual-polarized MIMO could be introduced for an
improved data rate and a minimized system size. The cross-pol. isolation between the
horizontal-stream and the vertical-stream is utilized for MIMO communication. However,
as shown in Fig. 7.3, factors such as PCB implementation, placement of the transmitter
and the receiver, and the dual-polarized antenna itself can easily degrade the isolation
between the two streams. Enhancement of the cross-pol. isolation regarding any kind of
degradation will be strongly demanded.

Cancellation methods at the digital domain could be utilized for compensating the
leakage between H and V streams. However, huge power consumption will be introduced
to the system. Thus, high-accuracy and low-power analog domain cancellation is more
preferable and worth considerations.
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7.2.4 Blocker Tolerance

Block tolerance is one of the most important design aspects for the wireless transceivers.
Strong in-band blockers will cause desensitization to the receiver front-end and in turn
degrades the system SNDR. Even more degradation could be induced due to the unideal
LO and the reciprocal-mixing.
Different with the transceivers operating at low frequency, the millimeter-wave transceiver-

s nowadays suffer less from the blockers due to the limited number of millimeter-wave
applications. However, regarding the fast growth of the connected wireless devices men-
tioned in Chapter 1, the blocker tolerance becomes more and more important during the
millimeter-wave transceivers design progress, especially for the long-ranged communica-
tion with extremely large EIRP. To improve the blocker-tolerance, methods like blocker
cancellation and null-steering could be introduced for the millimeter-wave phased-array
transceivers.

7.2.5 Process

Compared with the 65nm bulk CMOS process utilized in this work, other process tech-
nologies such as compound semiconductors could also be potential candidates for real-
izing the next-generation millimeter-wave phased-array transceivers. Compound semi-
conductors such as gallium arsenide (GaAs) are capable of providing higher maximum
oscillation frequency and higher power efficiency when compared with bulk CMOS. Low
power consumption and high power efficiency design could be achievable with such pro-
cess technologies. Similarly, CMOS SOI process improves the system performance by
isolating the devices from the lossy silicon substrate, which is also a good choice for im-
plementing the system. While for the process mentioned above, additional consideration
will be strongly demanded regarding the increased manufacturing costs.

Additionally, advanced technology node in CMOS process could further improve the
integration level for a millimeter-wave phased-array system. The system could benefit

from implementing the RF front-end along with the digital baseband in the same chip.
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