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Abstract 

In this paper, we report an RF power amplifier design 
in digital CMOS technology for the Class 1 power level 

specification (20 dBm) in the Bluetooth Communications 

standard. We have also investigated hot carrier effects 

under large signal RF operation of the power amplifier. 

The two stage circuit, designed in 0.25 f1m CMOS 

technology, utilizes a high-density ring capacitor 

structure for interstage matching. In a chip-on-board 

configuration tested at 2. 4 GHz, this CMOS power 

amplifier delivers an output power of 24 dBm with 48% 

PAE at a supply voltage of2. 5V 

1. Introduction 

The Bluetooth communications protocol is widely 
perceived as the de facto standard for WLAN 
applications in the future. Class 1 (20 dBm), Class 2 (4 
dBm) and Class 3 (0 dBm) are three classes of 
transmitter power requirements in this protocol based on 
the signal transmission distance. The low radio power 
requirements for this protocol have prompted heavy 
research interest in the area of using CMOS to 
implement the various RF component blocks required [1-
2]. This will result in the ability to integrate both the 
baseband and RF functionalities using a single CMOS 
technology and produce a one-chip transceiver solution 
for Bluetooth applications. 

Although commercial single chip transceiver 
solutions have recently been demonstrated using CMOS 
at 2.4 GHz [3-4], they have not addressed the Class 1 
power requirement for the standard. Therefore, a second 
power amplifier chip is necessary to complete the 
requirements for this class in the Bluetooth standard. 

In this paper, we demonstrate a CMOS RF power 
amplifier capable of meeting the requirement 
specifications of the Bluetooth Class 1 standard. Since 
Bluetooth employs a constant envelope modulation 
scheme, we have focused on achieving the required high 
saturated power while maximizing Power Added 
Efficiency (P AE). In Section 2, we discuss the details of 

the circuit design and layout issues for this power 
amplifier. Experimental results and discussion are 
provided in Section 3, followed by a brief conclusion in 
Section 4. 

2. Circuit Design and Layout 

We have employed a single-ended two-stage 
common-source topology with on-chip interstage 
matching for the design of our power amplifier (Fig. 1). 
For accurate simulation purposes, we have used MOS 
transistor models developed specifically at Philips for 
use at high frequency and low supply voltages [5]. The 
"RF" transistor model which includes gate resistance, 
source and drain resistance and substrate resistance 
effects is developed around the Philips MM9 model core. 
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Figure 1. Class AS power amplifier schematic 

A 1.5mm output stage biased close to class A region 
has been used along with a 0.5mm driver biased in deep 
class AB region for achieving the required output power 
of 24 dBm at 2V supply. In this design enough 
headroom has been allotted from the supply voltage limit 
of the technology (2.5V) to allow for process/chip 
assembly variations and achieve our goal of attaining 
more than 23 dBm saturated output power with a gain of 
20 dB and an associated P AE of more than 45%. 
Meeting the above specification would allow direct 
interface on the same chip to the 0 dBm transceiver to 



meet the Class I transmission requirements. For a cost 
effective solution, we have minimized the number of off
chip components and also avoided a flip-chip 
configuration. The ground inductance on the MOSFET 
sources due to the bond wires was set at an achievable 
value of 0.2 nH for both stages while performing these 
simulations. Resistive gate biasing is adopted to prevent 
unwanted oscillations. We have used the bondwire 
inductance for the driver stage drain connection along 
with an on-chip ring capacitor structure (details outlined 
in section 3) to provide the interstage matching. Input 
and output matching was done using lumped element 
components for simulation purposes. 
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Figure 2. Simulated PA performance wlo parasitics 

The simulated performance of this two stage design at 
2V supply voltage is shown in Fig. 2. The design can 
provide 31.5 dE of small-signal gain and a saturated 
power of 24 dEm can be obtained with 55% P AE. 

Figure 3. Layout of the power amplifier chip 

The layout of the chip is shown in Fig. 3. Both the 
driver and output stages have been built up from a 20 

finger interdigitated unit cell of width 250 /llll resulting 

in a gate finger length of 12.5 /lm. The substrate is tied to 

the source of the unit cell to prevent any substrate bias 
effects. The RF signal path is kept as short as possible 
between the stages and multiple ground pads are used to 
minimize the ground inductance from bondwires for the 
stages. The 10 pF interstage matching capacitance has 
been formed with five 2 pF unit capacitors which have a 
ring shaped structure to minimize occupied chip area 
(Fig. 4). The ring capacitor utilizes both the cross-over 
capacitance and the fringe capacitance between multi
level interconnect metals in minimum geometry 
configurations in our CMOS technology to achieve a 
high capacitance density (2-3X) compared to the 
conventional metal-sandwich structure [6]. 
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Figure 4: Ring Capacitor top and side view 
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Figure 5: Post-Layout Circuit performance 

Post -layout simulation results, which include the 
effect of parasitic capacitances extracted from the layout 
are shown in Fig. 5. As seen from this figure, the most 



prominent effect of the parasitics is a degradation in the 
small signal gain by almost 5 dB due to extra gate-drain 
capacitance for the two stages from the layout. However, 
the original saturated power and P AE can still be 
obtained using a higher input level. 

3. Results and Discussion 

3.1 Large signal Measurements 

The power amplifier was fabricated in a five metal 

level 0.25 11m low resistivity substrate (0.01 Ohm-cm) 
CMOS process at the Philips MOS4YOU facility at 
Nijmegen, Holland. The silicon was thinned down to 280 

11m to help reduce the ground bondwire lengths. The die 

was then bonded to the PCB using a conducting glue 
which also provides a well defined ground to the 
backside of the chip. Bond wires were used to connect 
the bondpads to the respective traces on the PCB as 
shown in Fig. 6. 

Figure 6. Photograph of Chip on Board Assembly 

Large signal loadpull measurements were then 
performed on the power amplifier using an automated 
passive loadpull system. Fig. 7 shows the measured 
output power and gain at 2.4 GHz for the power 
amplifier as a function of the input power level for three 
supply voltage levels. It can be seen that the saturated 
output power of 22 dBm for a supply voltage of 2V is 
about 2 dB lower than simulated results with an 
associated P AE of 46%. We believe that the above is due 
to a higher than designed value for the drain bondwire 
inductance of the driver along with a slightly undersized 
driver stage which results in a larger than expected 
power gain drop-off. Both of these shortcomings can be 
easily remedied by a simple redesign of the PCB and an 
increase in the size of the driver stage. For the current 
design, at a supply voltage to 2.5V, we can achieve a 
saturated output power of +24 dBm. The output stage 

and the driver draw supply currents of 184 rnA and 28 
rnA respectively at this output power level resulting in an 
associated P AE (which is the same as the total drain 
efficiency since the gain of the circuit is > 20 dB) of 
48%. A plot of the saturated output power and the 
associated P AE shown in Fig. 8 as a function of the 
supply voltage indicates that we can achieve our power 
amplifier performance goals at 2.25V supply. 
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Figure 7. Measured Output power and power gain 
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Figure 8. Pout and PAE versus supply voltage 

3.2 Hot carrier induced degradation study 

Issues of significance in the area of RF CMOS power 
amplifier design include catastrophic gate oxide 

breakdown (6V for 0.25 11m CMOS) and the effect of hot 
carrier induced device degradation on the RF 
performance of the amplifier. The hot carrier effect is a 
phenomenon where under high electric fields near the 
drain, the channel electrons can cause damage to the Si
Si02 interface thereby increasing threshold voltage, 
decreasing transconductance and degrading MOSFET 



performance. Unlike gate breakdown, which is a 
catastrophic phenomenon, the hot carrier effect is a 
reliability issue and affects the long term power amplifier 
performance. So far, CMOS RF power amplifier papers 
have only considered the issue of gate breakdown and 
not the hot carrier effect even though they are operated at 
DC+RF voltage levels exceeding the recommended DC 
limit for hot carrier reliability [7 -8]. Although 
DC/transient reliability testing has been performed to 
study hot carrier induced degradation [9-11], there have 
been no studies on hot carrier effects under large signal 
steady state RF operation in CMOS. 
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Figure 9. RF Hot Carrier reliability measurement 

In this paper, we study the effect of hot carriers on the 
saturated output power of the designed power amplifier. 
The supply voltage limit for this technology from a hot 
carrier standpoint is 2.5V DC. We operated our power 
amplifier at Vdd=2.25 V to deliver 23 dBm initial output 
power. However, under saturated large signal operation, 
the instantaneous RF voltage swing at the drain of our 
transistor can reach upto 4.5V (2Vdd), well exceeding 
the DC limit for this technology. 

As seen from Fig. 9, the output power of the amplifier 
decreases with an exponential time constant indicative of 
classical hot carrier degradation and the slope of the 
decrease becomes quite small after about 70-80 hours of 
testing suggesting that most of the created trap sites at 
the interface have been filled by electrons. The original 
performance can be recovered by increasing the gate bias 
(0.2V to get Pout=22.9 dBm, PAE=46.5%) to the two 
stages indicating that the degradation is mainly due to an 
increase in threshold voltage of the MOSFETs. 

4. Conclusions 

We have presented a Class 1 Bluetooth RF power 

amplifier design in 0.25 11m CMOS technology, which 

delivers a saturated output power of 24 dBm with an 

associated P AE of 48% at 2.4 GHz and 2.5 V supply. 
The design incorporates a high density ring capacitor 

structure for the interstage matching network to 
minimize chip area. Preliminary hot carrier reliability 
measurements suggest that when the devices are operated 
at instantaneous RF+DC voltage levels exceeding the DC 
supply voltage limit imposed by hot carrier concerns, 
there is an exponential decay of the output power, which 
settles to a slightly lower value after 70-80 hours of 
testing. Therefore, hot carrier induced reduction in output 
power has to be taken into consideration while designing 
power amplifiers in submicron CMOS. 
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