
ABSTRACT 
This article describes recent activities in the area of RF integrated circuits First, transceiver architectures developed for  cellular and 

cordless telephone standards are presented. Next, the choice of device technology is discussed, and the  design of bui lding blocks such as 
low-noise amplif iers and mixers, oscillators, and power amplif iers is described. Last, some of the emerging applications of RF circuits 

and their implications for  the  design are considered. 
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he recent explosion in the radio frequency (RF) and 
wireless market has caught the semiconductor industry 

by surprise. The increasing demand for affordable mobile 
communications has introduced numerous challenges in the 
design of celiular and cordless telephones and pagers, and 
new prospects for wireless technology have motivated dramat- 
ic changes in the thought process behind deploying a commu- 
nication system. 

Affordability and portability are the two principal require- 
ments - and features - of wireless communications. In fact, 
many developing countries have concluded that it is less 
expensive to equip people with mobile phones than to develop 
the infrastructure of a wired telephone network, an observa- 
tion that may have seemed implausible 10 years ago. Translat- 
ed into cost, battery life, and form factor, these requirements 
are met through innovations at all levels of abstraction: net- 
working and communications, transceiver architectures, circuit 
design, and device technology. The overall design procedure is 
augmented by concurrent engineering, that is, iteration 
between these levels to approach an optimal system. 

This article describes recent developments in the design of 
RF  transceivers and circuits, with an emphasis on integrated 
solutions. The second section presents examples of cellular 
and cordless phone architectures, and the third section dis- 
cusses the choice of integrated circuit (IC) technologies. The 
fourth section describes the design of a number of RF  build- 
ing blocks, and the fifth section provides a brief overview of 
emerging RF  applications. 

NSCEIVER ARCHITECTURES 
inong various receiver architectures, the heterodyne 
approach has been the most widely accepted technique 

for robust operation, but alternative topologies that more eas- 
ily lend themselves to integration are also under investigation 
[l-31. Similarly, two types of transmitters, one-step and two- 
step architectures, are commonly used, although they too 
require many off-chip devices. 

In this section, we study four transceivers designed for the 
Global System for Mobile Communication (GSM) and Digital 

European Cordless Telephone (DECT). GSM and DECT 
have proven to be robust and versatile solutions to cellular 
and cordless communications, respectively. As a result, sub- 
stantial research has been expended on RF  circuit integration 
for these two standards. 

Lucent Microelectronics (formerly AT&T Microelectron- 
ics) offers a single-chip solution that, along with a low-noise 
amplifier (LNA) and a power amplifier, can form a complete 
GSM transceiver (up to the baseband interface). Figure 1 
depicts the overall system [4]. The receive path translates the 
900 MHz input to an intermediate frequency (IF) of 71 
MHz, performs partial channel selection by means of a sur- 
face acoustic wave (SAW) filter, amplifies the signal by a 
programmable gain, and downconverts the result to quadra- 
ture baseband components. This architecture requires only 
two external filters in the receive path (excluding the duplex- 
er), but the IF SAW device tends to  have higher loss (and 
higher cost) if it must filter adjacent channels to sufficiently 
low levels. 

The transmit path upconverts the baseband Gaussian- 
shaped data directly to 900 MHz. To minimize the effect of 
noise coupling from the PA to the voltage-controlled oscillators 
(VCOs), the required carrier signal is produced by adding the 
frequencies of VCOl and VCO2, allowing each to operate at a 
frequency far from the PA output frequency. A buffer follow- 
ing the modulator delivers 0 dBm of power to a 50 C2 load. 

The three VCOs employed in this architecture are embed- 
ded in synthesizer loops. The quadrature phases required of 
VCO3 and the transmit carrier signal are generated using dif- 
ferent circuit techniques commensurate with the frequency of 
operation and complexity. 

Fabricated in a 12 GHz bipolar technology, the GSM chip 
draws approximately 60 mA from a 2.7 V supply. 

Philips Semiconductor offers a pair of RF  and IF chips for 
GSM transceivers. Figure 2 shows the overall system [5]. The 
receive path includes two LNAs to allow the use of two low- 
cost, lossy image-reject filters. The gain of each LNA can be 
digitally programmed, covering a range of +21 dB to -38 dB. 
The amplified signal is translated to an IF of 400 MHz by 
mixing with the output of a 1.3 GHz VCO. With the image 
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Figure 1. Lucent Technologies GSM transceiver. 

lying at 1.7 GHz, the LNAs and the input stage of the mixer 
are designed so that their cumulative gain drops by approxi- 
mately 30 dB at the image frequency, thus relaxing the stop- 
band suppression required of the filters. The IF signal is then 
filtered and downconverted to baseband quadrature channels. 
Since most channel selection is performed in the baseband by 
means of integrated fifth-order low-pass filters, the IF SAW 
filter has relaxed requirements. 

The transmit path incorporates two steps of upconversion. 
In the first step, the Gaussian-shaped baseband data is modu- 
lated on a 400 MHz carrier and subsequently filtered by a link 
control (LC) circuit. In the second step, the signal is split into 
quadrature phases and applied to a single-sideband (SSB) 

mixer that is driven by a 1.3 GHz oscillator. Suppressing the 
unwanted sideband by 20 dB, this mixer relaxes the rejection 
required of the preceding filter. The 900 MHz signal is then 
buffered and fed to the power amplifier. 

The architecture of Fig. 2 incorporates only two oscillators 
to perform all the frequency translations in both the receive 
and transmit paths, thereby simplifying the prediction of vari- 
ous spurs that may result from coupling and intermodulation. 
This strategy is feasible here because the system is time-divi- 
sion (and frequency-division) duplexed, making it possible to 
share the oscillators between the two paths. (The transmit and 
receive time slots in GSM are offset by three time slots.) 

Since both oscillators are external, the leakage of their out- 
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Figure 3. Transceiver architecture for digital frequency modulation systems. 

puts to other parts of the circuit becomes problematic. In par- 
ticular, if V ~ 0 2  were at 400 MHz, then, similar to the case of 
homodyne downconversion, self-mixing would corrupt the 
baseband signals by DC offsets [6, 71. For this reason, V L O ~  is 
generated at 800 MHz, and the frequency is divided by two on 
the IF chip. This also provides the quadrature phases required 
for driving the downconversion and upconversion mixers. 

An interesting provision in the transceiver of Fig. 2 is par- 
tial compatibility with another standard, Digital Communica- 
tions System at 1800 MHz (DCSl800) [5]. This standard is 
similar to GSM, but operates around 1.8 GHz. The frequency 
of VLol is chosen to be midway between the GSM and 
DCS18OO bands, allowing use of a 400 MHz IF for both but 
requiring high-side injection in the former and low-side injec- 
tion in the latter. Thus, in principle, the two standards can 
share all sections of the transceiver except for the LNAs, 
image-reject filters, and power amplifier. 

Fabricated in a 13 GHz bipolar complementary metal oxide 
semiconductor (BiCMOS) technology, the GSM transceiver 
draws a current of 50 mA in receive mode and 105 mA in 
transmit mode while operating from a 2.7 V supply. 

Figure 3 shows a transceiver designed for wireless systems 
employing digital frequency modulation with time-division 
duplexing (TDD) [8], such as Digital European Cordless 
Telecommunications (DECT), wire- 
less local area networks (WLANs), 
and wireless local loop (WLL). Fol- 
lowing front-end filtering, amplifica- 
tion, and image rejection, the receiver 
translates the signal to an I F  of 110 
MHz. A SAW filter then performs 
channel selection, applying the fre- 
quency-modulated waveform directly 
to a detector. 

The transmitter comprises a syn- 
thesizer loop with direct modulation 
of the VCO. several stages of isolation 

accomplished by first closing the synthesizer loop to establish 
the proper carrier frequency and subsequently opening the 
loop and applying the baseband data to the control line of 
the oscillator. Since the VCO is not phase-locked during the 
actual transmission, great care must be taken to minimize 
variations in the supply voltage and the load impedance so 
as to maintain the carrier frequency with an error less than 
50 kHz. Thus, the transmitter incorporates several voltage 
regulators and isolation buffers. A provision is also made for 
utilizing a separate oscillator, VC02, for the receive opera- 
tion in systems where the receive and transmit bands are dif- 
ferent. 

Fabricated in a 25 GHz silicon bipolar process and employ- 
ing an external LNA, the receiver of Fig. 3 achieves a sensitiv- 
ity of -95 dBm with an input IP3 of -17 dBm. The transmitter 
delivers an adjustable output power of up to +5.5 dBm. 

Figure 4 shows a 1.9 GHz dual-conversion receiver imple- 
mented in CMOS technology for DECT applications [9]. 
Based on the Weaver image-reject architecture [lo], the cir- 
cuit consists of a front-end LNA, a quadrature downconver- 
sion to an I F  of approximately 200 MHz, a second 
downconversion to zero frequency, and baseband channel 
select filters and analog-to-digital (AID) converters. In this 
architecture, the first LO has a fixed frequency while the sec- 

..................................... I 

buffering, and a power amplifier. Note 
that the LO signal required for the 
receiver downconversion mixer is pro- 
vided by the same synthesizer. This is 
possible because in a TDD system the 
receive and transmit paths do not 

Direct modulation of VCOl  is 
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I 

U Figure 4. The DECTimage-rejectreceiver. 
operate simultaneously. . .~ ..... . _ _  
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ond selects the desired channel. Thus, the 
first LO close-in phase noise can be sup- 
pressed by employing a wide loop bandwidth 
in its associated synthesizer [9]. 

The image rejection of the Weaver topol- 
ogy is limited by phase and gain mismatches 
in LO and signal paths [IO]. Nevertheless, in 
the receiver of Fig. 4 the image is approxi- 
mately 400 MHz away from the sig- 
nal, thereby experiencing suppression 
in the front-end filter and the tuned 
LNA. 

The receiver baseband processing 
consists of a second-order Sallen and 
Key anti-aliasing filter, an eighth- 
order switched-capacitor channel- 
select filter, and a 10-bit AID 
converter. In addition, to cancel dc 
offsets due to self-mixing of the sec- 
ond LO, two current-steering D/A 
converters that  can be controlled 
externally are employed. 

Fabricated in a 0.6 Fm CMOS 
technology, the receiver of Fig. 4 
achieves a sensitivity of -90 dBm with 
an input IP3 of -7 dBm while con- 
suming approximately 200 mW from 
a 3.3 V supply. 

’ research. CMOS technology must neverthe- 
Linearity Frequency less resolve a number of practical issues: 

substrate coupling of signals that differ in 
amplitude by 100 dB, parameter variation 
with temperature and process, and device 
modeling for RF  operation. I voltage I 

H Figure 5. RFdesign hexagon. 

- Q V o u t  

IC TECHNOLOGIES 
T h e  viable IC  technology for R F  

H Figure 6. Two-stage bipolarLNA. 

/ circuits continues to change. Performance, cost, and time 
to market are three critical factors influencing the choice of 
technologies in the competitive R F  industry. In addition, 
issues such as level of integration, form factor, and prior (suc- 
cessful) experience play an important role in the decisions 
made by designers. 

At present, GaAs and silicon bipolar and BiCMOS tech- 
nologies constitute the major section of the RF  market. Usu- 
ally viewed as a low-yield high-power high-cost option, GaAs 
field-effect and heterojunction devices nonetheless have main- 
tained a strong presence in R F  products [12], especially in 
power amplifiers and front-end switches. 

While GaAs processes offer useful features such as higher 
(breakdown voltage)(cut-off frequency) product, semi-insulat- 
ing substrate, and high-quality inductors and capacitors, silicon 
devices in a very large-scale integration (VLSI) technology can 
potentially provide both higher levels of integration and lower 
overall cost, as demonstrated in complex circuits such as fre- 
quency synthesizers. In fact, all building blocks of typical 
transceivers are available in silicon 

facturers. 
bipolar technologies from many manu- . . . . 

Market predictions indicate that 
GaAs and silicon bipolar and BiC- 
MOS technologies will sustain their 
strong presence in the RF  market for 
many years. However, a third con- 
tender is CMOS technology. Support- 
ed by the enormous momentum of the 
digital market, CMOS devices have 
achieved high transit frequencies (e.g., 
tens of gigahertz in the 0.35 pm gen- 
eration), and “ R F  CMOS” has sud- 
denly become the  topic of active 

BUILDING BLOCKS 
he design of an R F  transceiver T heavily depends on the perfor- 

mance of its constituent subcircuits. 
LNAs, mixers, oscillators, frequency 
synthesizers, modulators, and power 
amplifiers are the principal RF build- 
ing blocks in a typical system, each 
exhibiting trade-offs that can be sum- 
marized in the “RF design hexagon” 
of Fig. 5. Almost every two parame- 
ters in Fig. 5 trade with each other 
to some extent. 

In this section, we present recent 
work in the design of some of these 
building blocks. 

LOW-NOISE AMPLIFIERS 
AND MIXERS 

As the first stages in the receive path, 
LNAs and mixers must process the 
signal with minimal noise and inter- 
ference. In addition to the noise fig- 

ure (NF) and third intercept point (IP3), the gain, port-to-port 
isolation, and power dissipation of these circuits impact the 
performance of a transceiver. The very low noise required of 
LNAs usually mandates the use of only one active device at 
the input without any (high-frequency) resistive feedback. In 
order to provide sufficient gain while driving 50 0, some 
LNAs employ more than one stage. 

A bipolar LNA is shown in Fig. 6 [13], where the first stage 
utilizes a bond wire inductance L, = 1.5 nH to degenerate the 
common-emitter amplifier, (31 ,  without introducing additional 
noise. This technique both linearizes the LNA and makes it 
possible to achieve a 50 0 input impedance. Bias voltages I/bl 
and Vbz and the low-frequency feedback amplifier A1 are chosen 
to stabilize the gain against temperature and supply variations. 
The resistive feedback in the second stage improves the lin- 
earity and lowers the output impedance. The circuit exhibits a 
noise figure of 2.2 dB, an IP, of -10 dBm, and a gain of 16 dB 
at 900 MHz. 

Another bipolar LNA designed to drive a 50 R load is 
depicted in Fig. 7 [14]. Employing neg- 
ative feedback through a monolithic 
transformer to linearize the circuit, the 

L2 I LNA can operate with supply voltages 
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H Figure 7. Bipolar LNA using transformer 
feedback. 
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as low as one I/&. Interestingly, ;he 
transformer reduces the amplifier gain 
at both low and high frequencies, help- 
ing to stabilize the circuit. The exter- 
nal inductor L ,  and capacitor C ,  
provide conjugate matching at  the 
input. 

Drawing 2 mA from a 1.9 V supply, 
the circuit of Fig. 7 achieves a noise 
figure of 2.8 dB and a gain of 9.6 dB 
at  1.9 GHz in an 11 GHz BiCMOS 
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technology. The transformer feedback boosts the input IP3 to 
-3 dBm. 

A double-balanced bipolar mixer designed in conjunction 
with the above LNA is shown in Fig. 8 [14]. Here, an on-chip 
transformer both operates as a single-ended to differential con- 
verter and provides input matching. The bias current of the 
switching quad is established by IEE, and capacitors C1- C3 
effect resonance at the primary and secondary transformers. 

A 1.9 GHz implementation of this configuration in an 11 
GHz bipolar technology exhibits an NF of 10.9 dB with an IP3 
of +2.3 dBm while dissipating 5 mW from a 1.9 V supply [14]. 

Shown in Fig. 9 is a 1.5 GHz CMOS LNA employing on- 
chip and off-chip inductors [15]. In a manner similar to that 
described for the circuit of Fig. 6, this LNA incorporates Ls 
and L1 to create conjugate matching at the input. At 1.5 GHz, 
the on-chip inductor LD provides significant voltage gain even 
though its Q is less than 4. By contrast, a load resistor would 
require a large voltage drop to provide a comparable gain. 

The common-gate transistor, M2, plays two important roles 
by increasing the reverse isolation of the LNA: 
1) It lowers the LO leakage produced by the following 

mixer. 
2) It improves the stability of the circuit by minimizing the 

feedback from the output to the input. 
Note that the same circuit with no cascode device would be 
prone to oscillation. 

The LNA of Fig. 9 is followed 
by another cascode stage to drive a 
50 L2 load, with each stage drawing 
10 mA. Fabricated in a 0.6 pm 
CMOS technology and operating 
from a 1.5 V supply, the circuit 
achieves a noise figure of 3 dB, a 
gain of 20 dB, and an input IPq of 

i T  vDD 
Vbz ...... 

I 

-10 dBm. 
Figure 10 shows the simplified 

circuits of an LNA and a mixer 
designed for a 900 MHz direct-con- 
version receiver [16]. Requiring no 
image-reject filtering due to the 
zero IF, the receiver allows direct 
cascading of the two circuits, obvi- 
ating the need for a 50 L2 interface 
between the LNA and the mixer. 
The LNA is configured as a differ- 
en  t ial common-g a t e topology , 
exhibiting an input impedance of 50 

a (on each side) by proper sizing and biasing 
of M I  and M2. However, since the transcon- 
ductance of each transistor is roughly equal 
to 1/(50 Q), the noise figure cannot drop 
below a certain bound ( 2 . 2  dB with long- 
channel approximations). 

The mixer resembles a Gilbert cell except 
that the sources of M I  and M l  are grounded. 
For square-law devices, this configuration 
does not produce third-order distortion, 
whereas a differential pair biased at a con- 
stant tail current does. Thus, "grounded- 
source" MOS pairs potentially achieve a 
higher IP3 than do regular differential pairs. 
The load of the mixer consists of self-biased 
current sources M3 and M4 and gain-setting 
resistors R I  and R2. 

The LNA/mixer combination has been 
fabricated in a lmm CMOS technology. Con- 
suming 27 mW from a 3 V supply, the circuit 

exhibits an overall noke  figure of 3.2 dB and-an IP3 of +8 
dBm. 

Other examples of LNAs and mixers can be found in [9, 
17, 181. 

OSCILLATORS 
The local oscillators used to drive downconversion and upcon- 
version mixers are embedded in a synthesizer loop to achieve 
a precise frequency definition. Phase noise, sidebands (spurs), 
tuning range, and settling behavior of synthesizers are critical 
parameters in RF applications, creating severe trade-offs as 
the number of external components is reduced. 

Most integrated RF oscillators are configured as a neg- 
ative-G, stage with inductive load, as exemplified by Fig. 
11. The idea is that an active circuit provides a negative 
resistance that cancels the finite loss in the inductors (and 
capacitors), thereby sustaining oscillation. While on-chip 
spiral inductors are attractive for higher levels of integra- 
tion, various loss mechanisms limit the quality factor (0) 
t o  approximately 4 in typical CMOS technologies. As 
depicted in Fig. 12, wire resistance and electric and mag- 
netic coupling to the substrate contribute loss. Another 
important issue, particularly in CMOS circuits, is  t he  
upconversion of l/f noise to the vicinity of the carrier fre- 
quency [19]. 

, VDD : 
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I Figure IO. a) Common-gate CMOS LNA; b)  
CMOS mixer with grounded-source input pair. 
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W Figure 1 1 .  Oscillator using nega- 
tive-(;, topology 
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