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Abstract—A 5-GHz transceiver comprising the RF and analog
circuits of an IEEE 802.11a-compliant WLAN has been integrated
in a 0.25- m CMOS technology. The IC has 22-dBm maximum
transmitted power, 8-dB overall receive-chain noise figure, and

112-dBc/Hz synthesizer phase noise at 1-MHz frequency offset.
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I. INTRODUCTION

T HE GROWING wireless LAN market has generated
increasing interest in technologies that will enable higher

data rates and capacity than initially deployed systems. The
IEEE 802.11a standard, which is based on orthogonal fre-
quency division multiplexing (OFDM) modulation, provides
nearly five times the data rate and as much as ten times the
overall system capacity as currently available 802.11b wireless
LAN systems [1]–[3]. As illustrated in Fig. 1, the 802.11a
standard operates in the 5-GHz unlicensed national information
infrastructure (UNII) band, which provides a total available
signal bandwidth of 300 MHz, as compared to the 85 MHz
available for 802.11b. As indicated in Fig. 1, the 802.11a
standard supports channel bandwidths of 20 MHz, with each
channel being an OFDM modulated signal consisting of 52
subcarriers. Each of the subcarriers can be either a BPSK,
QPSK, 16-QAM, or 64-QAM signal. The composite radio
frequency (RF) signal has a data rate of up to 54 Mb/s in a
20-MHz channel.

The spectral efficiency of the 802.11a standard comes at
the expense of a more complicated transceiver with strict
requirements on the radio performance. For example, the use
of 64-QAM modulation requires a signal-to-noise ratio (SNR)
of 30 dB, which is substantially greater than that required by
the FSK modulation in Bluetooth and the QPSK modulation
in 802.11b. This high SNR translates to stringent phase noise
requirements for the frequency synthesizer and tight
matching constraints for both the transmitter and receiver.
OFDM, which is highly desirable because of its resilience
to multipath interference, can substantially complicate the
transceiver design. Imagine that each of the 52 subcarriers
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Fig. 1. Channel allocation of the IEEE 802.11a standard within the UNII band.

Fig. 2. IEEE 802.11a wireless LAN system architecture.

of the OFDM signal is a single-tone sinewave such that the
composite waveform in the time domain will have large peaks
and valleys. If the peaks of all 52 sinewaves should line up in
time, the peak voltage will be 52 times larger than that of a
single sinewave. In this case, the peak-to-average ratio will be

dB. Therefore, the transceiver must be able to
accommodate signals whose peak amplitudes are 17 dB larger
than the average signal. This translates into the need for a large
power backoff in the transmitter and wide dynamic range in
the receiver. In practice, some signal clipping can be tolerated
without significantly degrading the radio performance.

The RF frontend and digital baseband functions for an
IEEE802.11a wireless LAN standard have been integrated
in a standard 0.25-m CMOS technology as the two-chip
transceiver shown in Fig. 2 [4], [5]. This paper describes the
RF transceiver chip in detail.

The next section of the paper reviews the architecture and fre-
quency plan of the transceiver. Section III describes the detailed
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circuit implementation of individual block, and experimental re-
sults are reported in Section IV.

II. A RCHITECTURE

Shown in Fig. 2 is the overall block diagram of the wireless
LAN system consisting of an RF transceiver together with a
baseband and media access controller (MAC) processor. The
RF transceiver consists of a transmitter, receiver, and frequency
synthesizer. The analog baseband inphase () and quadrature
( ) input current signals for the transmitter are generated by
two 160-MHz, 9-b current-steering digital-to-analog converters
(DACs) on the companion baseband chip [5]. On the receiver
side, the quadrature signalsand at the transceiver output
are digitized by two 80-MHz, 9-b analog-to-digital converters
(ADCs) on the baseband chip before being processed by the
baseband and MAC processor. Off-chip LC low-pass filters are
used between the two chips for noise bandwidth limiting and
anti-aliasing reasons. No off-chip intermediate frequency (IF)
filter is required in the system.

The architecture and frequency plan of the RF transceiver
play an important role in the complexity and performance of
the overall system. Two of the most common choices in trans-
ceiver architecture are direct conversion and the traditional su-
perheterodyne. Direct conversion is usually preferred in a fully
integrated design because it avoids the need for an off-chip IF
filter and requires only a single frequency synthesizer. However,
it suffers from drawbacks such as local oscillator (LO) leakage
and frequency pulling due to the fact that the synthesizer op-
erates at the same frequency as the RF signal [6]. The super-
heterodyne architecture overcomes many of the disadvantages
of direct conversion at the expense of an off-chip IF filter and
an extra frequency synthesizer [7].

The RF transceiver described in this paper uses a dual con-
version architecture with a sliding IF of 1 GHz. Shown in Fig. 3
is the detailed block diagram of the transceiver. On the transmit
side, the basebandand signals are first mixed to 1 GHz by
a pair of image-reject mixers. The quadrature 1-GHz IF signal
is then converted to 5 GHz by the RF mixer. Double image re-
ject mixers are used in the transmitter in order to avoid the need
for an IF filter. The upconverted 5-GHz signal is finally trans-
ferred to the antenna through an on-chip power amplifier (PA).
Since the transmitter output signal is at least 1 GHz away from
any of the LO frequencies, no LO pulling is caused by the PA.
Furthermore, any LO leakage to the antenna will appear as an
out-of-band tone and will not interfere with the operation of
other receivers operating in the 200-MHz UNII band.

The receiver frequency plan is very similar to that of the trans-
mitter. An incoming 5-GHz RF signal is first mixed down to IF
at 1 GHz and then converted to the baseband quadrature signals.
As depicted in Fig. 4, for an RF signal centered at 5 GHz, the
image channel is located 2 GHz away at 3 GHz. This undesired
signal will be attenuated at least 23 dB by the bandpass gain
stages between the receiver input and the RF mixer. By mixing
the incoming RF signal with the 4-GHz LO, the RF mixer gen-
erates the desired 1-GHz IF and a spurious signal at 9 GHz. The
spurious signal is attenuated by the inherent bandwidth limita-

Fig. 3. RF transceiver chip block diagram.

Fig. 4. Receiver frequency plan.

tion of the circuits. As a result, an image-reject mixer is not re-
quired in the receiver.

The use of a sliding IF architecture, whereby the LOis gen-
erated from the LO using a divide-by-four counter, eliminates
the need for two synthesizers. Designed in a twisted-ring archi-
tecture [8], the divide-by-four counter can inherently provide
very precise quadrature LO signals at 1 GHz, thereby improving
the transmitter’s image rejection.

III. CIRCUIT IMPLEMENTATION

Advantages and challenges accompany the implementation
of the RF transceiver in a CMOS technology. CMOS ultimately
provides a significant cost advantage over alternatives. More-
over, scaled CMOS processes generally offer multiple layers of
interconnects that allow for the use of integrated inductors with
quality factors as high as 10 at a frequency of 5 GHz [9]. These
inductors are used extensively throughout the transceiver de-
scribed in this work in order to enhance the gain of narrow-band
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Fig. 5. Simplified PA schematic.

amplifiers. Device characteristics in CMOS can vary signifi-
cantly over changes in process and temperature, resulting in sub-
stantial variations in performance. This drawback can be over-
come by using adjustable gain stages and implementing an au-
tomatic gain control (AGC) algorithm in the system.

A. Transmitter

As shown in Fig. 3, in the transmit chain, fully differential
quadrature baseband input currents are mirrored into the 1-GHz
up-conversion mixer and then upconverted to RF by a pair of
4-GHz quadrature mixers. The resulting 5-GHz signal then
drives the PA.

The design of the PA is one of the most challenging tasks
in the transmitter implementation. As mentioned earlier,
the peak-to-average ratio of an 802.11a OFDM signal can
exceed 17 dB. This large peak-to-average ratio requires the
PA to provide a substantially higher peak output power than
its average. For instance, with 6-dB peak-to-average ratio,
obtaining 40 mW of average output power requires a PA that
is capable of delivering four times as much power or 160 mW.
In practical applications, since the signal peaks are infrequent
the peak-to-average ratio requirement can be significantly less
that 17 dB without major degradation in the overall SNR. In
the case of 16-QAM modulation, simulations indicate that a
6-dB peak-to-average ratio degrades the system SNR by only
0.25 dB [10]. However, in practice, peak-to-average ratios as
low as 4 dB may meet the error vector magnitude (EVM) and
packet error rate (PER) requirements of the IEEE 802.11a
specifications.

Fig. 5 shows the three-stage class-A PA employed in the
transmitter, wherein each stage consists of a cascoded differen-
tial pair. The gate terminals of the cascode transistors are biased
at the supply voltage. The cascode topology allows the PA to use
a 3.3-V supply for increased headroom and improved linearity.
On-chip inductors L4p and L4n form parallel resonances with
the gate capacitances of output transistors M3p and M3n so that
the level-shifting capacitors C2p and C2n can be kept smaller
than 2 pF. The fully differential PA output reduces the effects
of parasitic supply and ground inductances. The inductive
loads L3p and L3n are implemented with bondwires having
estimated inductance of 1.6 nH. Closed-loop power control

Fig. 6. Measured OFDM output power spectrum.

Fig. 7. Transmitter constellation for a 64-QAM signal.

provides a constant transmitted output power independent of
process, temperature, and supply voltage variations. The power
control loop, consisting of a peak detector, a comparator, and
24 dB of adjustable transmitter gain in 0.5-dB steps, adjusts the
transmitter gain until the PA output matches a pre-programmed
level. The key features of this three-stage design can be
summarized as: cascoding, inductive loading, and capacitive
level-shifting. The transistors are sized to deliver a measured
saturated output power ( ) of 22 dBm.

Measurements indicate that the transmitter can provide a peak
output power of 22 dBm and an average OFDM output power
of 17.8 dBm. Fig. 6 shows a transmitted OFDM spectrum. The
measured spectral images and RF carrier leak are51 and 29
dBc, respectively.

The measured transmit output power is plotted in Fig. 7 as
a function of the transmit signal data rate. At low data rates,
the measured output power is about 18 dBm and is limited by
the spectral mask requirements. At higher data rates, a power
backoff of up to 5 dB is needed for the transceiver to meet the
dynamic range requirements of the OFDM signal. Fig. 8 illus-
trates the measured transmit constellation for a single-carrier
64-QAM signal indicating an EVM of 2.3%.

B. Receiver

The receiver mixes the 5-GHz RF input first to the 1-GHz IF
and then to the quadrature baseband outputs for digitization by
the ADCs on the baseband chip. The entire receive chain is de-
signed to provide sufficient dynamic range and linearity for a
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Fig. 8. Measured OFDM output power as a function of data rate.

Fig. 9. Simplified LNA schematic.

64-QAM OFDM signal. The RF and IF gain stages have a max-
imum combined gain of 36 dB that significantly reduces the
noise contribution of subsequent baseband stages. The down-
converted and signals are passed through the off-chip pas-
sive LC channel-select filters and amplified by a programmable
gain amplifier (PGA). The PGA comprises a cascade of three
stages with a composite gain that can be adjusted from 0 to 41
dB in 1-dB steps. The dc offset of the receive chain is cancelled
using two pairs of 6-b DACs. The dc offset cancellation, AGC,
and receive signal strength indicator are implemented with al-
gorithms in the baseband chip.

A simplified schematic of the LNA is shown in Fig. 9. The
LNA consists of a cascoded differential pair with inductive
loads that tune the amplifier output to 5 GHz. The inductive
degeneration formed by Lsp and Lsn results in a complex input
impedance that can be matched to a 50-source impedance
with an off-chip matching network.

Fig. 10 shows the schematic of the amplifier block used in
baseband PGAs. The amplifier is a two-stage design in which
the first differential pair converts the input voltage to a current
inversely proportional to R1. This current is then converted back
into voltage by the second differential pair through the shunt

Fig. 10. Simplified PGA gain stage.

Fig. 11. Receiver gain from the LNA input to the IF mixer outputs.

feedback resistor R2. The overall gain of the amplifier is es-
tablished by the ratio of resistors R1 and R2 and is accurate to
within 1 dB. Common-mode feedback is conveniently provided
from the common source of the second stage to the tail current
source of the first. Offset control is provided by a separate dif-
ferential pair with large resistive degeneration that lowers the
gain of the offset control loop.

Fig. 11 shows the measured receiver gain from the LNA input
to the IF mixer outputs. The receiver achieves over 50 dB of ad-
justable RF and IF gain. At minimum gain, the input P1 dB is

8.5 dBm. Shown in Fig. 12 are theand baseband wave-
forms measured at the receiver output. The receiver achieves an

phase mismatch of 1.5and amplitude mismatch of 1.5 dB.
The measured noise figure of the entire receive chain from LNA
to the baseband PGA is 8 dB.

C. Synthesizer

The frequency synthesizer generates the quadrature 1-GHz
and 4-GHz LO frequencies needed for the mixers in the receive
and transmit chains. As shown in Fig. 3, the synthesizer phase
locks an on-chip VCO to an 8-MHz reference. The VCO
frequency is fine tuned using P/N-well varactors D1 and D2.
Coarse frequency adjustment is accomplished by switching
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Fig. 12. I andQ waveforms at the receiver output.

Fig. 13. VCO schematic.

fixed capacitors to the output nodes Outand Out as depicted
in Fig. 13. The switching sequence is determined by a state
machine in conjunction with a lock detector circuit. For a
particular RF channel if the varactors fail to force the loop to
lock, the state machine switches in enough fixed capacitors
until the varactors can pull the loop to lock.

The variable divider in the feedback loop consists of a divide
by 16/17 dual-modulus prescaler followed by a divide-by-32
and a channel select decoder. The synthesized frequency can be
varied from 4.128 GHz to 4.272 GHz, which corresponds to an
RF carrier frequency ranging from 5.16 GHz to 5.34 GHz. The
quadrature 1-GHz LO signals are generated by a divide-by-four
counter. Designed in a twisted-ring architecture, this divider
can generate very precise 1-GHz quadrature signals and main-
tain this precision over process and temperature. The quadra-
ture 4-GHz LOs are generated by passing the VCO waveform
through a single-stage RC–CR polyphase filter [11].

The composite phase noise of the synthesizer as measured
at the output of the power amplifier is shown in Fig. 14. The
close-in phase noise is87 dBc/Hz at 1-kHz frequency offset.
Outside the loop bandwidth of 250 kHz, the phase noise de-
creases to 112 dBc/Hz at 1-MHz offset.

Fig. 14. Synthesizer phase noise profile measured at the PA output.

Fig. 15. Die micrograph.

TABLE I
PERFORMANCESUMMARY

IV. EXPERIMENTAL RESULTS

The RF transceiver has been integrated in a 0.25-m, single-
poly, five-metal CMOS technology. It occupies a total area of
22 mm and is packaged in a 64-pin leadless plastic chip carrier
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with an exposed backside contact for good thermal and elec-
trical performance. A die photograph of is shown in Fig. 15. The
transceiver operates from a 2.5-V supply with 3.3-V . The
transmit chain dissipates 790 mW of power including a 22-dBm
power amplifier. The receiver and synthesizer consume 250 and
180 mW, respectively.

The transceiver has been incorporated into a radio system to
form a high-speed, IEEE 802.11a-compliant, wireless LAN. Its
typical measured performance is summarized in Table I.

V. CONCLUSION

An IEEE 802.11a radio transceiver has been designed in a
standard 0.25-m digital CMOS technology for 5-GHz wireless
LAN applications. The design avoids the need for any external
IF filtering by means of two architectural choices: the use of
double image-reject mixers in the transmitter and a very high
IF of 1 GHz in the receiver. The use of dual conversion with a
sliding IF requires only a single frequency synthesizer, thereby
reducing power and area. The integrated transceiver consists of
a transmitter with 22 dBm of output power, a receiver with 8-dB
receive chain noise figure, and a synthesizer with phase noise of

112 dBc/Hz at 1-MHz offset.
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