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Abstract— A 60-GHz power amplifier (PA) with consideration transmitter and being sensitive to process variations.
of hot-carrier-induced (HCI) degradation is presented. The sup-  |n this paper, a 60-GHz digitally-assisted variable-supply-
ply voltage of the last stage of the PA pa) is dynamically qiiage PA is proposed and implemented to relieve the HCI

controlled by an on-chip digitally-assisted low drop-out voltage . L . .
regulator (LDO) to alleviate HCI effects. The PA is fabricated in influences on the circuit. A fully-integrated mixed analog-

a standard 65-nm CMOS process with a core area of 0.21mfn  digital low drop-out voltage regulator (LDO) is designed to
which provides a saturation power of 10.1dBm to 13.2dBm with dynamically adjust the supply voltage of the last stage of

a peak power-added efficiency (PAE) of 8.1% to 15.0% folea  the PA (/ps) between 0.7V and 1.0V. The adjustment of
varying from 0.7V to 1.0V at 60 GHz, respectively. Vpa offers a possibility to meet different linearity, efficiency,
output power and lifetime requirements for the PA in actual
applications. The PA is capable of outputting 13.2dBm sat-

Wireless transceivers operating in the unlicensed 9-GHration power P.,), 10.2dBm power at 1-dB compression
band around 60 GHz in CMOS processes have been inveptint (P,qg) and achieving 15.0% peak power-added effi-
gated and reported intensively in the past several years dueitncy (PAE). The PA fabricated in a standard 65-nm CMOS
their capability of achieving low-cost multi-gigabit-per-secongrocess is insensitive to the process variation thanks to the
short-range wireless communications [1]-[3]. It is known thatinable supply voltage.

a power amplifier (PA) is one of the key blocks of wireless
transceivers, the properties of which is crucial for the system
performance, such as linearity, efficiency, communication dis-Fig. 1 shows the entire block diagram of the proposed 60-
tance etc For practical uses of 60-GHz CMOS PAs, reliabilityGHz digitally-assisted variable-supply-voltage CMOS PA. The
suffering from hot carrier, bias temperature instability, time/hole system is composed of a mixed analog-digital LDO, a 3-
dependent dielectric breakdown and so on, is one of the metdge differential PA and a digital control block with reference
significant issues [4]. Particularly a thick-oxide transistor, @oltage generator. The mixed analog-digital LDO co-operating
common solution for reliability issues at lower frequenciesyith the digital control block is used to dynamically tune
can not be utilized for 60-GHz CMOS PA design because tife supply voltagel/pa for the last stage of the PA, which
its limited cut-off frequency fr). Furthermore, as indicatednormally suffers the most from the HCI effects. The control
in [5], hot-carrier-induced (HCI) effects are dominant for thecheme is briefly described as follows: when the transmitter
reliability of the standard CMOS transistors in large-signaloes not require high output power and/or linearitya will
operation mode, which are generally used to realize the @fe decreased to relieve the HCI stress. Otherwise will be
GHz PAs. maintained in a high level.

Much effort has been carried out to solve the HCI issuesThe LDO consists of a digital-tuning block, an analog-
for the 60-GHz CMOS PAs. Reducing the operation supptuyning block and an array of PMOSFETSs, as can be seen in
voltage [4] or using cascode topology [6] for the PAs cahig. 1. The digital-tuning block [8], [9], including a dynamic
greatly alleviate the HCI effects on the PAs but at the cost obmparator, am-bit up/down counter and a digital/analog
the degraded output power, linearity, and efficiency. A powswitching logic, is adopted and optimized in this work, because
combining technique [7] seems to be a promising solutidhconsumes ultra-low power, can fully turn on the PMOSFETSs
for the HCI issues of the PAs while maintaining the superi@chieving low voltage drop-out and easily accomplish fast
performance. However, the deviation of the behavior of thhecovery and tuning of the supply voltagé,. Where the
power combiners at millimeter-wave frequencies from that édist recovery feature is necessary for multi-gigabit-per-second-
the lumped ones causes different phase delays for differéimoughput wireless transmitters operating in time division du-
paths of the PA deteriorating the modulation quality of thplex mode €.g.less than s for over 2 Gb/s throughput) [2].

I. INTRODUCTION

II. CIRCUIT ANALYSIS AND DESIGN
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from minimum to maximum value by adjusting the reference
voltage of the digital-tuning blocki{.tp). The digital control
bits of the PMOSFETs (Mto M,) for different values of
Vietp are recorded to the digital control block. Once the
training period is finished, when the value Gf, is larger
than the setting value oV, the LDO is switched from
digital to analog mode by the switching logic. After a period
of charging (or discharging), the LDO outputs a constiédsnt
at the value of8V;.t, wheres = (R; + R3)/R2 and Vi IS
the reference voltage of the analog-tuning block, as depicted
in Fig. 2. When the desired value ©f, is changed or/and the
circuit is awakened from sleep mode, the digital control block
restores the control bits for Mto M,, to the up/down counter
and generates reference voltages correspondiiglywill be
instantly charged (or discharged) to the value corresponding to
the restored digital control bits, then tuned by the analog block
of the LDO to the desired value in a short time. Simulation
results show that the recovery time Bf, is less than 0.Ls.

The schematic of the 3-stage differential CMOS PA is
shown in Fig. 3. The HCI effects on the PA are further

Fig. 1. System block diagram of the proposed 60-GHz digitally-assisted Pélleviated owing to the adoption of the differential topology.
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Fig. 3.

A transmission line (TL) with 0.8 dB/mm loss around 60 GHz
is used for matching network, and an MIM transmission
line (MIM TL) is realized for the de-coupling of the power
supplies. The stability and power gain of the PA are improved
by incorporating the capacitive cross-coupling technique for
the first and second stages of the PA [10], [11].

IIl. M EASUREMENTRESULTS

To verify our design, the core blocks of the proposed 60-
GHz PA including the mixed analog-digital LDO and the
3-stage differential PA are fabricated in a standard 65nm
CMOS technology. Fig. 4 shows the die micro-photograph
of the circuit. The areas of the 3-stage differential PA and
the mixed analog-digital LDO are 0.132 mirand 0.025 mr#,
respectively. The on-chip de-coupling capacitof ) is 86 pF
with a size of 0.051 mi The supply voltage of the first and
second stages of the PA/{y) and the external input voltage
of the LDO (Vaain) are set to be 1.2V for demonstration
simplicity.

As depicted in Fig. 5, the small-signal S-parameters of
the PA is measured for different values ®pp. The 3-
dB bandwidth is about 13GHz (from 53GHz to 66 GHz)
for all the measurement values &ps. The peak gain is
19.7dB and 17.0dB at 59 GHz fdfpy = 1.0V and Vpp =
0.7V, respectively. The measurdd,;, Pigg and maximum
PAE (PAE,..) are plotted versud¥p, at 60 GHz in Fig. 6.

The analog-tuning block is utilized to avoid the inherentliffhe P45 is reduced from 10.2dBm to 5.8 dBm whéh, is

large ripple of the digital-tuning block when the 3-stage Pfuned from 1.0V to 0.7V as can be observed in Fig. 6. The
is working. Fig. 2 illustrates the transient operation of thelCI stress on the circuit is therefore lightened by decreasing
mixed analog-digital LDO with the assistance of the digitdhe supply voltage and output power simultaneously, which
control block for fast tuning and recovery of the supply voltagieads to a better lifetime for the proposed PA. In Fig. 7,
Vpa. At the beginning of the LDO operation, the digitalthe experimental lifetime of the NMOSFETs used in the last
tuning block goes through a training period while analogstage of the PA is illustrated under different stress conditions.
tuning block is turned off by the switching logi®p, is swept The lifetime is defined as the time when the drain current
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. ) Fig. 7. Experimental lifetime of the NMOSFETs for different values of
Fig. 5. Measured &;o;1 for various values of/pa.

output powerPoy,t and Vpa .

of the transistor Ipg) decreases by 10% from the unstresseat various values ofps and P,,;. The channel 3 of IEEE
value. When the output power of the PR.(;;) is 10dBm and 802.15.3c and 3.52-Gh/s QPSK modulation signal are chosen
Vpa = 1.0V, the lifetime of the NMOSFETS is only 0.2 year.again to evaluate the EVM performance of the proposed PA.
While if P,y = 5dBm and Vpa = 0.75V, the lifetime is All the measured EVM is lower than -17 dB and satisfies IEEE
improved to about 30 years. 802.15.3c standard. It can be observed that the measured EVM
Table | summarizes and compares the performance of isefrom 11.7% (-18.6 dB) to 12.9% (-17.8 dB) for low output
proposed power amplifier with that of the state-of-the-art PA®wer P,y = 5dBm) if Vpa is tuned from 1.0V to 0.7 V.
at 60 GHz in CMOS processes. It is shown in table | that thhe degradation of the EVM is less than 1dB, which implies
proposed PA exhibits comparable output power and efficienttye low supply voltagé/p, is preferred for low output power
at high supply voltagelpa = 1.0 V) to the recently published situation considering the HCI issues. While at high output
PAs in the 60-GHz band for CMOS technologies. Meanwhilgower (P..+ = 10dBm), the measurement value of the EVM
at low supply voltage pa = 0.7V), the proposed PA with is 13.1% (-17.7dB) and 13.6% (-17.3dB) foéps = 1.0V
reasonable output power, efficiency and linearity still can @ndVpa = 0.9V, respectively.
used for shorter distance communications or/and low-level
modulation scheme®(g.BPSK and QPSK). As demonstrated IV. CONCLUSION
in Fig. 8, the measured output spectrum of the proposed PAThis paper presents a 60-GHz variable-supply-voltage
barely degrades whevk, is reduced from 1.0V to 0.7V and power amplifier using the digitally-assisted LDO in a 65-nm
output power is comparable. The measurement is perform@OS process. The severe HCI issues for 60-GHz CMOS
by applying a QPSK modulation signal to the input of the PAower amplifiers have been greatly alleviated at low supply
at channel 3 (61.56 GHz to 63.72GHz ) of IEEE 802.15.3mltage {pa = 0.7V). The lifetime of the proposed PA
with a symbol rate of 1.76 Gs/s. The center frequency ofin be improved to over 30 years. On the other hand, the
this channel is 62.64 GHz. Both of the spectrums meet tphewer amplifier is still able to provide 13.2dBm saturation
IEEE 802.15.3c standard. Fig. 9 shows the measured EMMwer, 10.2dBm power at 1-dB compression point and 15.0%



TABLE |

60-GHz CMOS PA FERFORMANCECOMPARISON.

Ref. CMOS Process| Freq. (GHz) | Supply (V) | Psat (dBm) | Pigs (dBm) | PAEmax (%) | Area (mn?)
[4] 90nm 60 07 85 52 7.0 0.18
1.0 11.5 8.0 15.2 (core)
1.2 10.5 7.1 22.3
[6] 65nm SOI 60 1.8 14.5 12.7 25.7 0.573
2.6 16.5 15.2 18.2
[7] 65nm 60 1.0 18.6 15.0 151 0.28
[11] 65nm 60 1.0 115 8.0 15.2 0.696
This work 65nm 60 0.7 10.1 5.8 81 0.56
1.0 13.2 10.2 15.0
* Only for the last stagé’pa
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peak power-added efficiency at 60 GHz for high supply volt-
age (’pa = 1.0V). The performance of the proposed PA at
variousVp, conditions meets the requirements of short-ran%o]
multi-gigabit-per-second communication standarelg.(EEE
802.15.3c).
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