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Abstract—Applications of direct frequency-conversion tech-
niques have been rapidly getting attention of radio designers
worldwide. This paper focuses on bringing out key implementa-
tion challenges of direct conversion receivers and transmitters
targeted for different second- and third-generation mobile
phone standards like global system for mobile communication,
code division multiple access (cdmaOne and CDMA 2000), and
wide-band code division multiple access. Techniques and tradeoffs
to arrive at optimal implementation are highlighted. Some of the
commercially available application-specific integrated circuits
that are based on direct conversion architecture and their salient
features are summarized.

Index Terms—Code division multiple access (CDMA), direct
conversion radio, global system for mobile communication (GSM),
mobile communication, wide-band code division multiple access
(WCDMA).

I. INTRODUCTION

OVER THE PAST several years, the mobile-phone market
has experienced a significant growth. As the industry tran-

sitions from second generation (2G) to third generation (3G), the
phones are becoming more application and feature rich. These
new small-size phones not only support the basic voice feature
in multiple frequency bands, but also support high-speed data,
multimedia applications, global positioning system (GPS) loca-
tion technology, and Bluetooth (BT) wireless connectivity. The
RF section of these new phones has experienced significant size
reductions (Fig. 1) due to evolution of radio architectures, en-
abling semiconductor integrated circuit (IC) technologies, and
innovative system and circuit design techniques

Increased pressure for small form factor, low cost, reduced
bill of materials, and low power consumption in radio applica-
tions of mobile phones have triggered the industry to resurrect
the direct conversion transceiver radio architecture. Long aban-
doned in favor of mature super heterodyne architecture, direct
frequency conversion has emerged over the last four years as the
de-facto standard for global system for mobile communication
(GSM) handset design. Active research and application-specific
integrated circuit (ASIC) implementations are being currently
pursued to develop direct-conversion radio architecture also for
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Fig. 1. RF component count reduction in GSM mobile handsets over the years.

wide-band code division multiple access (WCDMA) and code
division multiple access (CDMA) handsets.

Various digital cellular systems [GSM, CDMA, WCDMA,
time division multiple access (TDMA)] that evolved over
time in different parts of the world differ from each other in
frequency bands, modulation schemes, channel bandwidth,
duplex spacing, etc. (Table I) and have distinct RF system
requirements (e.g., sensitivity, input third-order intercept point
(IIP3), input second-order intercept point (IIP2), phase noise,
output power, adjacent channel power ratio (ACPR), local
oscillator (LO) leakage).

This paper describes direct-conversion receiver (DCR) and
transmitter design issues, as related to system requirements
of GSM, WCDMA, and CDMA protocols. The current U.S.
TDMA-based mobile-phone protocol is not covered in this
paper, as that system is targeted for migration to GSM/WCDMA
by 2003. A brief overview of the general merits of DCR and
direct-conversion transmitter (DCT) are presented in Section II.
Implementation challenges and tradeoffs of direct-conversion
transceivers for these mobile phones, and popular approaches
for circumventing DCR/DCT related issues are presented
in Section III and IV. Specific examples of current direct
conversion transceiver ICs developed by different companies
are summarized in Section V.

II. DCR AND DCT: A NEW PARADIGM

A. DCR

In a DCR, the incoming RF signal is amplified by a low-noise
amplifier (LNA) and then directly demodulated to baseband
in-phase (I) and quadrature (Q) signals. Channel selection and
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TABLE I
MAIN DIGITAL CELLULAR SYSTEMS

Fig. 2. Super-heterodyne and DCR architectures.

gain control are achieved by on-chip low-pass filters and vari-
able gain amplifier (VGA) at baseband. Channel selectivity in
super-heterodyne receivers is achieved by down-converting the

RF signal to fixed IF and passing through an IF surface acoustic
wave (SAW) (or crystal) filters [see Fig. 2(a)]. Receiver oper-
ating in multiple bands/standards may have different frequency
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Fig. 3. (a) Super-heterodyne and (b) DCT architectures.

plans and need different IF filters consuming premium board
space on small form factor phones. Direct conversion of RF
signals allows channel filtering to be done at baseband where
implementation of power-efficient on-chip filtering is feasible.
This eliminates the need for external passive filters saving board
space and cost [see Fig. 2(b)].

Since IF in a DCR is zero, there is no image frequency
present, as in the case of a super heterodyne. Ideally, there is
no need for an inter-stage image reject filter between the LNA
and mixer in a DCR. However, RF SAW filters are still needed
in full duplex CDMA and WCDMA systems where leakage of
the transmitter signal in to the receiver needs to be suppressed.
Since the GSM transmitter is turned off in its receiver slot,
the image reject filter can be eliminated in a DCR. Channel
filters in a DCR are realized at baseband frequency. Advanced
filter architectures enable on-chip tuning of the filters, making
it feasible to optimize RF integrated circuits (RFICs) for
multistandard operation (e.g., 615 kHz for CDMA, 1.92 MHz
for WCDMA, and 100 kHz for GSM).

Another inherent advantage of the DCR is that it does not
need a VHF voltage-controlled oscillator (VCO) and phase-
locked loop (PLL) that a conventional super heterodyne would
need, saving die area and cost, as well as eliminating effects of
phase noise of the VHF VCO.

The DCR has been widely implemented for GSM mo-
bile-phone systems by several companies like Alcatel,
Ericsson, Conexant, ADI, Nokia, Silicon Laboratories, Sam-
sung, and Motorola with high levels of on-chip integration and
competitive performance features. Several semiconductor com-
panies like Infineon, Conexant, Qualcomm, ADI, Phillips, and
Maxim are developing and perfecting DCR implementations
for WCDMA and CDMA systems.

Some of the key implementation challenges like dc offset,
second-order nonlinearity, LO leakage, gain, and phase imbal-
ance are discussed in Section III.

B. DCT

As the name suggests, baseband IQ signals directly modu-
late an RF carrier at the desired transmitter frequency in a DCT.
Variable RF gain stages controlled by the RF automatic gain
control (AGC) signal amplify the modulated RF signal to the de-
sired power output [see Fig. 3(b)]. RF SAW filters could be used
to suppress noise floor in the receiver band before feeding the
signal in to the power amplifier. This is different from the tra-
ditional dual frequency-conversion transmitter where dual LO
sources are used and the required dynamic range is achieved
using both the IF and RF VGAs.

Component savings in a DCT as compared to a current dual-
conversion transmitter is achieved by eliminating on-chip IF
VCO PLL tank circuit components. External LC IF filters
normally used in a transmitter to reduce receive band noise can
be eliminated.

Current TX architectures in CDMA handsets are based on
the dual-conversion transmit chain [see Fig. 3(a)], wherein
baseband IQ signals are modulated on an IF carrier followed
by a VGA with 80-dB dynamic range. Amplified IF are
filtered using simpleLC tuning elements and up-converted
using image-reject mixers and variable-gain driver blocks.
Gain partitioning is made to achieve power control, noise
floor reduction, and linearity with optimal power efficiency.
RFICs with 2-3 integrated PLLs and a VHF VCO are com-
mercially available [13]. Channel filtering and wave shaping
of TX IQ signals is normally implemented in the baseband.
IF filtering in a CDMA/WCDMA transmitter is only needed
to suppress the receiver band noise generated in IF VGA
stages. IF filters are typically simpleLC parallel resonant
tank circuits tuned at TX IF. The frequency rolloff offered by
these “filters” attenuate the RX band Noise floor at TX IF
duplex spacing (e.g., Duplex spacing MHz;
Duplex spacing MHz) to low enough levels.
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Fig. 4. Translational loop architecture for GSM transmitter.

Transmitters in GSM handsets, wherein linearity and
dynamic-range requirements are not as stringent, have suc-
cessfully implemented designs based on translational loop
architecture, which eliminates the need for RF SAW filter at the
power amplifier’s input [6]. The translational loop architecture
is well suited for constant envelope modulation like Gaussian
minimum shift keying (GMSK), employed in GSM systems.
Operation of a translational loop is very similar to that of
a standard PLL, where the VCO spectrum inside the loop
bandwidth follows that of the reference oscillator. As shown
in Fig. 4, quadrature transmit signals TX baseband I channel
(BBI) and TX baseband Q channel (BBQ) modulate an IF,
which is bandpass filtered and fed to a phase frequency detector
(PFD) operating at 50/100 MHz. The error signal of the PFD
filtered through a loop filter modulates the VCO. The loop
bandwidth is kept sufficiently wide to achieve desired GMSK
modulation bandwidth of 200 kHz. Sampled output of the
VCO is fed back to the IQ modulator, closing the translational
loop, as shown in Fig. 4. The VCO is designed to meet the
out-of-band noise requirements of GSM without the need for
an external RF SAW filter.

One of the key advantages of a DCT due to the absence
of IF is in frequency planning of multimode systems (e.g.,
GSM/WCDMA) with different duplex spacing and operating
frequency ranges. This task becomes more complex for a
dual-conversion transmitter. On-chip tuning and programma-
bility opens up the potential for reusability of functional blocks
between different mobile-phone standards, saving die area and
cost. Spurious due to IF LO are entirely eliminated
as IF is zero.

Some of the key implementation challenges for the DCT are:
1) IQ phase and gain imbalance; 2) the in-band noise floor;
3) VCO pulling; 4) dynamic range; and 5) power consumption,
as discussed in Section IV. The dynamic range is achieved by
proper gain distribution in the baseband (analog/digital) and RF
sections with associated performance tradeoffs such as variable
gain in digital (requires higher DAC resolution), variable gain
in analog baseband (causes increased LO leakage of mixer), and
variable gain at RF (causes higher power consumption).

Several companies like ADI, Conexant, Alcatel, Nokia, Eric-
sson, and Silicon Laboratories have succeeded in implementing
either DCT or translational loop architectures for GSM. DCT
implementation for WCDMA and CDMA 2000 is actively being
evaluated by industry.

Fig. 5. Effect of flicker (1=f ) noise.

III. DCR
IMPLEMENTATION CHALLENGES

In this section, the design issues for the DCR implementa-
tion-like effect of flicker noise, static, and dynamic dc offset,
second-order nonlinearity, as well as IQ gain and phase imbal-
ance are presented.

A. Noise From I/Q Mixer

Flicker noise in semiconductor devices, popularly known as
noise, is inversely proportional to the frequency. The

corner frequency (Fig. 5) is the frequency at where flicker
noise is equal to (cascaded) thermal noise floor. Flicker-noise
property of a device is semiconductor processes dependant.
is typically in the range of 48 kHz for the BiCMOS process,
while it is in the vicinity of 1 MHz for MOSFET devices [1].

The noise figure of the receiver front end normally determines
the ability of a receiver to demodulate the weakest of the signals.
Since received signals in a DCR are directly down converted
to baseband or zero IF, additional signal-to-noise degradation
due to flicker noise of the down converters could be significant.
At input RF signal levels close to the receiver sensitivity, the
baseband IQ signal at the output of the down converter is very
low. The gain provided in the LNA and the direct-conversion
mixer stages, as shown in Fig. 2(a), amplifies the signal as well
as noise floor at the mixer output. Effective corner frequency

is a frequency where flicker noise of the mixer equals the
cascaded noise floor, as shown in Fig. 5.

The noise floor due to noise at the mixer output can be
estimated as

(1)

where is the integrated noise for given , is input re-
ferred noise floor at the down converter, and the passband of the
baseband signal spectrum is ( ).

For GSM signal 100 kHz bandwidth at baseband, the
SNR degradation or effective noise figure increase in the
down-converter block could be of the order of1.2 dB @

kHz. Wide-band systems like WCDMA and CDMA
signals have minimal energy at dc. Therefore, the relative
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Fig. 6. Possible LO leakage paths.

degradation due to flicker noise is lower in wide-band signals.
It is evident that for a given , narrow-band signals (100 kHz)
like GSM are more susceptible to flicker noise compared to
wider band signals like CDMA 2000 (615 kHz) and WCDMA
(1.92 MHz). The flicker-noise effect in GSM can be minimized
by selection of right semiconductor process with low and
providing adequate gain in the front end to improve relative
SNR at the down-converter output. The “low IF” architecture
instead of the “zero IF” followed by high-pass filtering could
be another technique to overcome effects of flicker noise [9].

B. DC Offset

Undesired dc offset in IQ signals shifts the origin of a base-
band signal constellation, causing potential signal saturation, as
well as degradation in bit error rate (BER) performance. Sus-
ceptibility of signals to dc offset depends on the type of digital
modulation used. GMSK-modulated GSM signals, which have
signal content near dc, are more susceptible compared to QPSK
modulated spread-spectrum signals used in CDMA 2000 and
WCDMA.

Static or dynamic dc offset can result due to multiple means in
a DCR. The self-mixing of the LO with a phase-shifted version
of itself or imbalance in signal paths due to suboptimal design
are some of the known mechanisms by which static dc offsets
are generated in a DCR. Sudden changes in signal level due to
deep fade or LO re-radiation from a moving reflector or abrupt
appearance of a blocker, etc. cause time-varying or dynamic dc
offset. Essentially, dc-offset generation is a second-order phe-
nomenon.

The nonlinearity of practical amplifiers can be depicted by

(2)

where can be a combination of desired signal and multiple
signals of interference.

The term represents second-order nonlinearity of the
amplifier, which is one of the main causes of dc-offset genera-
tion in DCRs.

1) Static DC Offset:Offsets are typically caused due to the
mixing of the LO signal with a phase-shifted replica of itself.
Several coupling paths can exist on a DCR, as depicted in Fig. 6.
The LO leakage amplified through the LNA and phase shifted
in the RF SAW filter can mix with the LO signal at the mixer
input port to generate dc, which can vary across the operating

frequency band. As shown in Fig. 6, let the LO be represented
by and the LO leakage by , where is
the relative gain in the leakage path andis the relative phase
shift of the coupled LO.

The self-mixing of the LO signal can then be represented by

in I channel (3)

in Q channel (4)

As seen from the above equations, the desired signal levels are
much lower compared to the LO level in a receiver, making it
more challenging to contain dc offsets within acceptable limits.
Circuit imbalance in IQ paths that result due to practical limita-
tions of semiconductor process and or layout constraints of the
IC can also cause dc offsets.

2) Dynamic DC Offset:Varying channel conditions re-
sulting from multipath fading, mobility of handset, and abrupt
channel degradation due to sudden shading of the direct signal
path can cause time-varying or dynamic dc offset. The AGC
loop of the receiver tends to rapidly adjust receiver gain to
maintain signal levels constant in such conditions. DC offsets
generated by such gain changes can cause burst errors in the
receiver before being calibrated out by an offset correction
loop in system. DC offset is further amplified by a high-gain
baseband IQ signal path.

Current DCR architectures employ several methods to con-
tain and calibrate signal impairment due to dc offset. Wide-band
signals as defined in CDMA or WCDMA standards have almost
no signal energy near dc. Capacitive coupling of the IQ base-
band signals can remove dc offset without causing signal-to-
noise degradation. Narrow-band GSM signals have energy at dc,
hence, capacitive coupling may not be an option. Typically, dc
offsets measured in an idle mode can be subtracted from the ac-
tual RX slot in TDMA systems. However, “wandering dc offset”
caused by intermittent blockers can be a concern. Dynamic cal-
ibration of dc offset and digital signal processing (DSP) tech-
niques to calibrate dc are some other popular techniques em-
ployed to minimize signal degradation.

Preventing dc offset by providing adequate linearity can, of
course, alleviate most of the problems. Innovative circuit de-
signs with accurate matching and semiconductor process tech-
nologies with deep trench isolation can minimize on-chip cou-
pling of the LO. Package isolation and careful board layout are
also important in designing a DCR with minimal LO leakage.

Fig. 7 indicates some of the techniques like sub- or super-
harmonic down-conversion schemes that are employed to pre-
vent leakage of the LO signal with in-signal bandwidth at re-
ceiver input. The LO is at either harmonically ( ) or sub-
harmonically ( ) related to the desired RF. Adequate
on-chip isolation from down converter to receive path mini-
mizes leakage of the LO at the same frequency. Other schemes
employ a variable ratio ( ) division to ensure offset of
the VCO frequency from the desired signal [2], [4].

DC-offset calibration techniques presented in several papers
[1], [2] include compensation schemes using digital sample and
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Fig. 7. Various LO schemes to prevent leakage at RX frequency.

Fig. 8. DC offset due to a CW blocker.

hold feedback, offset estimation in the baseband with a cor-
rection signal fed back to the receiver, dc-offset estimation on
a burst-to-burst basis in a GSM system, etc. Servo loops can
be employed to minimize offsets in the DCRs for wide-band
signals [3] where cancellation of signal energy within the loop
bandwidth does not cause significant signal degradation.

The “sequential dc-offset calibration scheme” wherein dc off-
sets are estimated and calibrated independently in multiple gain
blocks, has been reported [5]. Less than 6 mV of corrected offset
was achieved employing this technique.

C. IIP2 Requirement

IIP2 is a useful metric to quantify second-order distortion
products of a receiver. It is a virtual power in dBm at which
the fundamental versus slope intersects that of IM2
or second-order intermodulation products. IIP2 is of particular
significance in a DCR as second-order nonlinearity effects can
down convert continuous wave (CW) as well as AM modulated
blockers to dc or near dc, causing SNR degradation. Fig. 8 de-
picts how a CW blocker generates dc in an amplifier with poor
second-order nonlinearity (IIP2).

The second-order term of (2) can be expanded to illustrate
generation of dc due to a CW blocker. Let be the
input CW blocker. Then

(5)

Similarly, it can be shown that multiple CW jammer signals
can generate interference within the desired channel bandwidth.
For example, in the CDMA channels sharing the same cellular

800-MHz frequency band as AMPS (Analog Systems), the pres-
ence of multiple narrow-band AMPS channels @ and
where ( ) is CDMA signal BW, can result in interfer-
ence. The IIP2 requirement of the down converter needs to meet
such operating conditions in the field even though the minimum
performance requirement of the CDMA system does not stipu-
late such a test.

The AM suppression requirement in the GSM also mandates
the handset receiver to tolerate an AM blocker @31 dBm
without significantly degrading the receiver. The GSM receiver,
for example, needs to tolerate the CW blocker @31 dBm with
signal level dBm as follows:

dB (6)

Since the minimum SNR for 0.001 BER is 9 dB for the GSM,
the tolerable dBm dBm. Therefore,
the IIP2 required is

dBm

In wide-band systems like CDMA and WCDMA, where ac cou-
pling is possible to overcome dc offsets, IIP2 is still critical
in view of the fact that the modulated blocker or TX leakage
can also down convert to the baseband (Fig. 9). The modulated
blockers in the downlink consist of several channels with com-
posite signal crest factors of12 dB in WCDMA. In addition,
the leakage of the uplink transmitter through the duplexer at the
LNA presents undesirable interference with large envelope vari-
ation. The second-order nonlinearity of the receiver generates
interference at the baseband. Maintaining high IIP2 is a common
requirement for GSM and CDMA, as well as WCDMA DCRs.

Similarly, it can be shown that a modulated blocker can also
produce noise at dc or the baseband. Let
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Fig. 9. Second-order nonlinearity of receiver down converts TX leakage to dc.

be a modulated blocker with an equivalent AM modulation
index “ ” and complex envelope . Then

(7)

Power in the demodulated envelope of the interference
is at dc causing SNR

degradation.
In general, the second-order nonlinearity of a receiver (IIP2)

can be calculated to be

Tone (8)

where “Tone” indicates power in the jammer tone, “” is the
equivalent AM depth, and “ ” is the maximum tolerable
interference energy to achieve desired BER in the receiver.
Three decibels is subtracted from the IIP2 equation since half
the power falls out as the baseband spectrum occupies twice
the signal BW.

IIP2 in a DCR can be improved by designing circuits with
high common-mode rejection, near perfect balance between dif-
ferential arms of IQ signal paths, as well circuit topologies to
improve phase quadrature between the I and Q signals. Also,
the even harmonic mixer architecture, wherein generation of
even-order products is minimized, has been published with sig-
nificant improvement in effective IIP2 [4].

Novel calibration techniques [5], [6] have also been used
to enhance IIP2 performance significantly Fig. 10 shows
measured data, demonstrating signal quality improvement
due to enhanced IIP2 [6]. The desired signal at99 dBm is
combined with a CW interference and is applied to a GSM
receiver (CX 74017). Power of the CW interference is swept
from 30 to 24 dBm (Trace 3 in Fig. 10). Trace 1 is the
demodulated signal impaired by dc offset due to the CW
interference before calibration. Trace 2 is the demodulated
signal after IIP2 calibration to improve signal quality in the
presence of a strong jammer signal.

Fig. 10. Measured data on improvement of IIP2 due to calibration on a DCR
[6].

Fig. 11. Dynamic range of baseband filters.

D. Noise Floor of the Baseband Channel Filters

The baseband channel filter needs to handle large jammer
tone (J), while preserving the SNR of the desired signal. Fig. 11
gives a pictorial representation of signal, jammer, and noise
levels referred to the input of the filter. Dynamic range of the
baseband filter depends on the peak level of the jammer tone
and input referred noise floor of the baseband filters. The filter
noise floor needs to be much lower than the cascaded noise floor
of the receiver front end such that the cascaded noise figure of
the receive path is not degraded due to the filter.

Several channel filter architectures are implemented using
, active RC, and switch cap architectures. The tradeoff

between different options include dynamic range, input referred
noise floor, and tuning requirements. The “ ” filters are
known to have low noise floor ( V Hz) and relatively
simple tuning, but poor capability to handle large signals. The
switched cap filters have good linearity and accurate channel
selectivity, but noise floor is typically close to 20V Hz and
could be a concern. An activeRCarchitecture offers an optimal
dynamic range performance for CDMA and WCDMA systems
where the jammer level could be 71 dB above the desired
signal. Decent input referred noise floor close to 6V Hz
could be achieved for reasonable resistor values [2], while filter
tuning poses moderate implementation challenge.

Idle slots can be used for filter tuning and calibration
in TDMA systems like GSM. Full duplex systems like
CDMA/WCDMA need to receive signals continuously, hence,
calibration could be done when the device is powered on to
achieve an acceptable channel filter profile. On-chip calibration
of a bi-quad WCDMA channel filter achieving a tuning range
of 20 has been presented. [9]
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Fig. 12. Effect of EVM on SNR.

Fig. 13. Gain control in baseband could cause poor carrier suppression.

It is evident from Fig. 13 that a higher front gain prior to the
filters would increase the cascade noise floor and reduce the
effect of the filter noise floor, but the jammer level at the input
of filters would increase correspondingly. The tradeoff between
achievable dynamic range and acceptable cascaded noise-figure
degradation due to filter noise floor of the receive chain needs
to be made to arrive at an optimal receiver architecture.

E. Phase and Gain Mismatch of IQ Paths

Gain and phase mismatch between the I and Q channel filters
and amplifiers with large cascaded gain can cause asymmetry
and rotation in the signal constellation resulting in error vector
magnitude (EVM) degradation. Tolerable gain and phase imbal-
ance depends on modulations techniques employed in a system.

Inherent processing gain offered in spread-spectrum systems
reduce susceptibility to a certain level on de-spread symbols.
Degradation of modulation accuracy or EVM of receive signals
can be modeled as a ratio of powers of the error and reference
vectors.

(9)

where istheidealreferencevectoristheerrorvectorresulting
due to a combination of residual sideband (RSB) and carrier feed
through due to impairments like gain and phase mismatch.

Fig. 12 depicts degradation in the SNR due to EVM resulting
from gain and phase imbalance at different tolerable input

Fig. 14. RSB suppression versus gain and phase imbalance.

Fig. 15. EVM as a function of output power for a WCDMA system.

SNRs, which again is dependent on demodulation schemes and
receiver processing gain.

For example, minimum-input SNR for WCDMA at sensi-
tivity is 7 dB, while CDMA SNR is 1 dB @ sensitivity.
Degradation due to 15% EVM is 0.05 and .075 dB, respec-
tively. Accurate gain tracking is achieved by symmetrical layout
and identical circuit topologies with minimal relative process
variation in I/Q paths.

Methods to address phase imbalance like differential poly
phase splitters and quadrature VCOs have been discussed
in detail in several papers, including [7]–[10]. Feasibility of
on-chip VCOs at double or quadruple of receive frequencies
makes it possible to use digital dividers to generate accurate
phase quadrature at RF [8].

IV. DCT CHALLENGES

Common architectures for mobile phones transmitter imple-
mentation include: 1) double conversion from baseband to IF
and IF to the final RF frequency; 2) direct up conversion from
baseband to RF in one step; and 3) offset PLL or translational-
loop-based architectures used for constant envelope transmitter
modulation.

Double-conversion architecture requires an IF VCO and PLL,
and multimode multiband systems make this more challenging
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Fig. 16. Block diagram of a quad-band GSM transceiver (CX 74017).

in terms of spurious generation and frequency planning. Trans-
lational loop architecture is mostly suitable only for constant
envelope modulation schemes like GMSK used in GSM mobile
phones. However, it is challenging to implement this architec-
ture with enhanced data rate through GSM evolution (EDGE)
and CDMA (8PSK and QPSK) like modulation schemes. Di-
rect modulation offers the benefit that it can be used in com-
bined multimode systems and avoids the need for the IF VCO
and PLL. However, the DCT has unique implementation chal-
lenges, as outlined below.

A. IQ Phase and Gain Imbalance

EVM of an IQ modulator is an important metric that deter-
mines the transmit signal integrity. RSB and inadequate carrier
suppression in IQ modulators are the main impairments that in-
crease energy in the error vector.

Phase and gain imbalance in the in-phase and quadrature-
phase arms of the modulator produce unwanted RSB. It is ex-
pressed as follows:

dB (10)

where is the linear amplitude imbalance between the I and Q
channels and is the phase imbalance in degrees or deviation
from perfect phase quadrature.

The dc offset between and or and can result in
undesired carrier component in the spectrum. For an rms signal
“ ” and dc offset of “ ,” the carrier suppression is expressed as

Carrier suppressiondBc (11)

It is also feasible to realize part of the linear power control dy-
namic range needed for WCDMA, and CDMA DCTs in the
baseband amplifier and filter blocks, as shown in Fig. 13. While
it simplifies the dynamic range requirement of RF stages, addi-
tional dc offsets generated in the variable gain baseband stages
need to be compensated or calibrated. The relative residual dc
offset at the input of the direct modulator can lead to lower car-
rier suppression.

Fig. 14 below indicates the RSB suppression as a function
of gain and phase imbalance in a DCT. For and

dB, the RSB is 33.5 dB
For implementation shown in Fig. 13, baseband signal IQ

swing needs to be kept as large as possible to maximize carrier
suppression. For a given dc-offset, energy in RSB, as well as car-
rier add to the error vector degrading EVM. In CDMA systems,
the “ factor” is used as a metric to define waveform quality,
while EVM is used to define quality of a WCDMA waveform.

and EVM are related by

(12)

The modulator is at RF frequency in the DCT. Maintaining
signal quadrature over a wide frequency range, especially for
multisystem architectures, is a challenge that needs careful
layout, circuit balance, and calibration techniques.

B. VCO Pulling and Remodulation

A strong modulated signal at the same frequency as the LO
can cause pulling of the VCO, introducing increase in phase
noise, and leading to poor waveform quality. Shielding and
isolation can alleviate this problem to some extent. Proximity of
high-power stages in a practical handset makes it challenging to
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Fig. 17. Microphotograph of the quad-band GSM radio.

achieve desired isolation by mechanical shielding. An on-chip
VCO operating at double or even quadruple of the desired
transmitter frequency followed by digital dividers can eliminate
VCO pulling and achieve acceptable phase quadrature required
for the IQ modulators. Improved on-chip isolation by using
deep trenches on the silicon substrate and offset VCO schemes
are also popular in eliminating pulling or remodulation of
the VCO [9]. A CMOS implementation of WCDMA direct
modulation using a VCO at double the desired frequency has
been reported [8].

C. Dynamic Range and Power Consumption

A transmit power control range of GSM handsets is required
to be of the order of 30 dB, while CDMA/WCDMA systems
mandate a 90-dB accounting margin for the temperature and
process variations of functional blocks. In most of the pop-
ular GSM transmitter architectures employing an offset VCO
or translational loop [2], [6], which provide fixed output from
the VCO, power control is achieved by controlling RF gain of
the nonlinear power-amplifier stage. However, future systems
based on enhanced data rates for GSM evolution (EDGE) need
a linear power amplifier, enabling the need for controlling the
DCT output to achieve required transmit dynamic range.

System design requirements for WCDMA and CDMA stan-
dards mandate accurate power control of mobile handsets so as
to ensure that the signal received from all mobile handsets in
the cell is equal. The base-station sends a periodic power con-
trol bit to increase or decrease its power such that the SNR is
just enough for demodulation. As compared to a conventional
dual-conversion transmitter where the dynamic range is split be-
tween IF and RF stages, the DCT needs to achieve most of the
dynamic range at RF. This is likely to result in extra power in RF
blocks, which may be somewhat offset by the fact that IF am-
plifiers and filters are totally eliminated in the DCT. One way
to realize the power control range is to split the gain control
between RF and baseband stages [8]. While this architecture is
similar in concept used in dual-conversion transmitters [13] and
more power efficient, as well as easier to implement, it may need
careful design and dc-offset control and calibration to achieve
acceptable carrier leakage issue.

Statistical studies conducted by the CDMA development
group (CDG) for various field conditions indicate that distri-

TABLE II
KEY PERFORMANCESUMMARY

Fig. 18. Microphotograph of Analog Device’s Othello IC.

bution of average power transmitted by CDMA handsets is far
lower than its maximum power output. Improving the efficiency
of the transmit chain is, therefore, important in extending talk
time of the handsets. Power consumption of the transmitter can
be gracefully reduced as a function of power level by using
class-AB amplifier stages in combination with current steering
techniques [9], [13].

D. In-Band Noise Floor at Low RF Power

Signal quality as defined by the “factor” or EVM is set by
the carrier-to-noise ratio (CNR) at minimum controlled output
power. Fig. 15 indicates degradation in the EVM versus SNR
@ minimum controlled power for a WCDMA transmitter [14].
The EVM in a transmitter chain is typically due to cascaded
impairments in several blocks including the baseband, IQ mod-
ulators, LO, and power amplifier. WCDMA performance spec-
ification mandates EVM of the entire TX chain to be17.5%.
The baseline EVM indicates typical EVM of the TX chain at
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Fig. 19. Block diagram of Silicon Laboratories low IF receiver for GSM/DCS and PCS.

higher power. The effect of EVM degradation for different CNR
is indicated by different traces in Fig. 15. For example, if a trans-
mitter chain with a baseline EVM of 8% (spec. margin of 9.5%)
achieves a CNR of 20 dB at minimum TX power, the EVM
is within the spec limit for any 60 dBm. However,
for the same transmitter, if the in-band noise is higher or the
CNR is 15-dB, the EVM spec compliance is ensured only for

dBm.
In CDMA, WCDMA systems power control range varies

from maximum power at a limiting cell range to minimum
power ( 50 dBm) for mobile handsets at close proximity to the
base station. Entire dynamic range (90 dB) may be achieved
in the direct conversion mixer and driver stages. As the power
of the DCT is reduced through close loop control, RF blocks
act more like an attenuator, thereby reducing in-band noise
floor. The CNR of 20 dB is achievable by optimal design of
IQ modulators and driver amplifiers.

V. DCR/DCT EXAMPLES AND MEASUREDPERFORMANCE

DCRs and transmitters have been in commercial use for
GSM mobile phone systems. Several companies including
Qualcomm, Infineon, Skyworks Solutions Inc., Conexant,
DiTran, Phillips, Maxim, ADI, and others are actively pursuing
DCR and DCT implementations for WCDMA and CDMA
2000 systems. At the time of publication of this paper, there
are very few commercially available chipsets. Some of the
popular RFIC implementations are presented below with a
brief list feature set as have been publicly made available by
their respective companies.

A. Example 1: Tri-Band Direct Conversion BiCMOS
Transceiver (Skyworks Solutions Inc.) [6]

Skyworks Solutions Inc. (formerly Conexant Systems) has
developed a single-chip GSM direct conversion transceiver
ASIC, which includes a receiver, fractional synthesizers,
on-chip VCOs, and transmitter chain. This device is designed
in a BiCMOS process for triband GSM/GPRS applications.

Fig. 20. Microphotograph of DiTran’s CDMA DCR using RF CMOS process.

The receiver is based on zero IF architecture with on-chip IQ
filtering and programmable gain amplifiers. Proprietary design
and calibration techniques achieve high IIP2 and low dc offsets.
The transmitter is based on an offset PLL or translational loop,
eliminating the need for RF SAW filters before the power
amplifier. Fractional frequency synthesizer and on-chip
VCOs are designed to provide spectral purity and frequency
agility needed to meet GSM system requirements. A block
diagram of the device and microchip photograph are shown in
Figs. 16 and 17, respectively. Key performance summary of the
receiver, transmitter, and synthesizer blocks are tabulated in
Table II [6].

B. Example 2: Othello IC (Analog Devices) [16]

Othello is an integrated transceiver with a super homodyne
(direct conversion) receiver and Virtual IF or translational loop
transmitter. The RFIC is implemented in a 0.6-m BiCMOS
process designed to target GSM radio requirements for 900-,
1800-, and 1900-MHz applications. A microphotograph and
block diagram of the device is shown in Fig. 18.
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Fig. 21. Qualcomm’s direct conversion CDMA/AMPS/GPS radio for trimode quad-band applications.2

Fig. 22. Block diagram of Bi CMOS WCDMA radio [16].

C. Example 3: CMOS Low IF Transceiver for Triband GSM
(Silicon Laboratories)1

Direct conversion transceiver designs in the CMOS process
could be more cost effective as compared to similar architecture
implemented on SiGe or BiCMOS. Known challenges like

1[Online]. Available: http://www.silabs.com/pdfs/FinalAeroPB.pdf

noise due to a higher corner compared to bipolar or SiGe de-
vices need to be addressed. Down conversion to low IF instead
of zero IF can circumvent degradation due to noise, dc off-
sets, and IIP2 requirements. Silicon Laboratories implemented

2[Online] Available: http://www.cdmatech.com/solutions/pdf/msm6050_
chipset.pdf
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Fig. 23. Microphotograph of BICMOS radio chipset [16].

a highly integrated transceiver using a low IF receiver and offset
PLL transmitter (Fig. 19).

D. Example 4: CDMA DCR “Jazz” (DiTrans Corporation)
[15]

The “Jazz” receiver (Fig. 20) is essentially a digital direct
conversion RF CMOS IC designed by the DiTrans Corporation
for cellular CDMA and personal communication system (PCS)
CDMA, as well as AMPS application. The device includes fully
integrated LNA, VCO, A/D, and baseband filters. The device is
advertised to achieve109-dBm sensitivity in cellular and PCS
CDMA modes and 120-dBm sensitivity in AMPS mode.

E. Example 5: CDMA DCT and DCR Chipset (Qualcomm)

Qualcomm announced development of a family of DCR
and transmitter chipsets for different applications catering
to CDMA, WCDMA, and GSM cellular standards. One of
the chipset block diagram, shown in Fig. 21, is designed to
cater to triband quad-mode (cell CDMA, cell AMPS, PCS
CDMA, and GPS) applications. The receiver ASIC RFR
6000 series device is a DCR for cellular and PCS CDMA
and cellular FM applications. GPS VCOs, LO generation
blocks, as well as direct-conversion mixers are integrated in
the device. The receiver needs external RF SAW filters for
cellular and PCS bands and only one external VCO for cellular
and PCS CDMA/AMPS modes. LNAs are included in the
separate package RFL 6000. The transmitter device RFT 6100
is announced to include a DCT chain form IQ input to driver
output covering cellular CDMA and PCS CDMA requirements.
The device also integrates two synthesizers for RX and TX,
on-chip TX VCOs, and direct up-converter blocks. A block
diagram of the DCR and transmitter is shown in Fig. 21.

F. Example 6: Bi CMOS Implementation of WCDMA Radio
Chipset. (Phillips Semiconductors) [16]

Phillips Semiconductors has announced development of
wide-band CDMA radio consisting of a DCR, transmitter
ASIC, and power amplifier. All the parts are designed using a
“QUBIC4” Bi CMOS process featuring deep-trench isolation,
40-GHz Ft, and high-density (5 fFm ) metal–insulator–metal
(MIM) capacitors. Published DCR performance data claims a
2.7-dB noise figure, IIP2 of 48 dBm, and IIP3 of8 dBm. A

receiver integrates most of the functional blocks like LNAs,
down converters, filters, and I–Q AGC amplifier chains. A
transmitter ASIC employs classic offset PLL architecture to
avoid LO pulling/remodulation. The transmitter device claims
to meet linearity requirements of 3rd Generation Partnership
Project (3 GPP) at 5.5 dBm consuming124 mA at maximum
output power.

A power amplifier IC has been published to achieve
24.5-dBm output with an adjacent channel leakage ratio of
35 dBc and power-added efficiency (PAE) of 35%. A block
diagram of the radio subsystem and die pictures are shown in
Figs. 22 and 23.

VI. CONCLUSION

Key receiver implementation challenges like dc offset,
noise, I–Q phase, and gain imbalance have been explained. Im-
portant DCT challenges like EVM, power control, and noise re-
quirements have been discussed. A detailed discussion on chal-
lenges and some of the techniques employed to overcome these
impairments have been presented. Examples of some of the
leading commercially available DCR and DCT chipsets for mo-
bile-phone applications are presented.

REFERENCES

[1] B. Razavi, “Design considerations for direct conversion receivers,”
IEEE Trans. Circuits Syst. II, vol. 44, pp. 428–435, June 1997.

[2] B. Broughtonet al., “DCR for GSM/GPRS/edge mobile phones,” pre-
sented at the IEEE MTT-S Int. Microwave Symp., 2002.

[3] C. Hull et al., “A direct conversion receiver for 900 MHZ spread spec-
trum digital cordless telephone,”IEEE J. Solid-State Circuits, vol. 31,
pp. 1955–1963, Dec. 1996.

[4] K. Itoh et al., “Even harmonic type direct conversion IC for mobile hand-
sets ‘design challenges and solutions ’,” inProc. IEEE RFIC Symp. Dig.,
June 1999, pp. 53–56.

[5] S. Tanakaet al., “Circuit techniques for GSM/DCS 1800 direct con-
version receiver,” presented at the IEEE MTT-S Int. Microwave Symp.,
2002.

[6] R. Magoonet al., “A single chip quad band (850/900/1800/1900 MHz)
direct conversion GSM/GPRS RF transceiver with integrated VCO’s and
fractional-N synthesizer,” inIEEE Int. Solid-State Circuits Conf. Dig.,
vol. 2, 2002, pp. 232–235.

[7] M. Steyaertet al., “A single chip CMOS transceiver for DCS 1800 wire-
less communications,” inIEEE Int. Solid-State Circuits Conf., 1998,
Paper TP 3.3, pp. 48–49.

[8] G. Brenna, “A 2 GHz direct conversion WCDMA modulator in 0.25
CMOS,” in IEEE Int. Solid-State Circuits Conf., vol. 1, 2002, pp.
244–246.

[9] H. Pretl, “RF integrated homodyne transceivers for 3G mobile radio,”
presented at the IEEE MTT-S Int. Microwave Symp., 2002.

[10] F. Behbahaniet al., “CMOS mixers and polyphase filters for large image
rejection,”IEEE J. Solid-State Circuits, vol. 36, pp. 873–887, June 2001.

[11] M. Goldfarbet al., “Analog baseband IC for direct conversion WCDMA
receivers,” inIEEE RFIC Symp. Dig., 2000, pp. 79–82.

[12] H. Yoshida, “DC offset canceller in a direct conversion receiver
for QPSK signal reception,” in9th IEEE Personal, Indoor, Mobile
Commun. Symp., vol. 3, 1998, pp. 1314–1318.

[13] M. Reddy et al., “A highly integrated dual band trimode transceiver
chipset for CDMA and AMPS application,” inIEEE RFIC Symp. Dig.,
2000, pp. 249–252.

[14] B. Ramachandranet al., “WCDMA transmitter implementation chal-
lenges and integrated ASIC architecture,” presented at the Eur. Wireless
Technol. Conf., Sept. 2001.

[15] C. Jackson, “Digital receivers for CDMA application,” presented at the
IEEE MTT-S Int. Microwave Symp., 2002.

[16] D. Brunelet al., “A highly integrated 0.25 mm BiCMOS chipset for 3G
UMTS/ WCDMA handset radio subsystem,” inIEEE RFIC Symp. Dig.,
June 2002, pp. 191–194.



LOKE AND ALI: DIRECT CONVERSION RADIO FOR DIGITAL MOBILE PHONES 2435

Aravind Loke received the B. Tech degree in electronics and communication
engineering and M. Tech degree in advanced electronics from the J. N. Techno-
logical University, Hyderabad, India, in 1977 and 1986, respectively.

He is currently with Skyworks Solutions Inc. (formerly Conexant systems),
Newport Beach CA, where he is Director, RF System Engineering, respon-
sible for system architecture definition and development of RFIC solutions for
CDMA 2000 and WCDMA applications. He was the lead contributor in the
development of the first highly integrated dual-band trimode RFIC chipset for
the CDMA IS 95 standard. He has been with Conexant Systems and Rockwell
Semiconductors in various positions, where he was responsible for system en-
gineering and development of RFICs for industrial–scientific–medical (ISM)
band spread-spectrum cordless telephones. Prior to joining Rockwell Semicon-
ductors in 1994, he was with Hindustan Aeronautics, Hyderabad, India, where
he was involved in management roles, responsible for the design and develop-
ment of avionics ground-to-air communication in HF, VHF, and UHF bands,
and direct-sequence and frequency-hopping (DS/FH) spread-spectrum commu-
nication systems. He possesses over 24 years of experience in the development
of communication systems and system architecture for mobile communication
platforms . He has authored five technical articles published in various interna-
tional journals and conferences. He holds three U.S. patents and over ten dis-
closures in the area of RFIC system architecture. His current interests are in the
areas of multimode radio architectures and system-level approaches for RFIC
development.

Mr. Loke was the recipient of the 1997 Rockwell Semiconductors Engineer
of the Year Award.

Fazal Ali (S’82–M’83–SM’90–F’99) received the B.S. degree in physics and
applied mathematics, B.S.E.E. and M.S.E.E. degrees from Washington Univer-
sity, Saint Louis, MO, in 1982 and 1983, respectively, and the Ph.D. degree from
the University of Surrey, Surrey, U.K., in 2000.

He is currently with Nokia Mobile Phones, San Diego, CA, where he is the
Program Manager responsible for the development of CDMA2000–1X Engine
platform targeted for various products. Prior to this, he was the Manager of
RF technology and engineering and led the development of the world’s first
3-V CDMA trimode RF platform used in Nokia 6185, 5185i, 5170, 3285 prod-
ucts. Prior to joining Nokia Mobile Phones in 1996, he was with the West-
inghouse Electric Corporation, Hewlett-Packard Company, and Pacific Mono-
lithics, during which time he held various management and technical roles. He
possesses 19 years of industry experience in the development and research of
RF and microwave communication products and systems. He has authored over
100 technical publications and presentations in various international journals
and conferences and coauthored three books on microwave devices and circuits.
He holds seven U.S. patents and 15 additional disclosures in RF system and IC
design techniques.

Dr. Ali is a member of Eta Kappa Nu, Tau Beta Pi, and Omnicron Delta
Kappa. He serves on the Editorial Review Board of the IEEE TRANSACTIONS

ON MICROWAVE THEORY AND TECHNIQUES and the IEEE MICROWAVE AND

WIRELESSCOMPONENTLETTERS. He is active in the IEEE Microwave Theory
and Technique Society (IEEE MTT-S) and serves on the Technical Program
Committee of the IEEE MTT-S International Microwave Symposium (IMS)
and IEEE RFIC Symposium. He is an IEEE Distinguished National Lecturer
for the IEEE MTT-S. He has served as the general chairman and Technical
Program chairman of the 1999 and 2000 IEEE RFIC Symposiums. He has also
served as the chairman of the Technical Committee on Microwave Integrated
circuits of the IEEE MTT-S Administrative Committee (AdCom) for several
years. He was the recipient of the 1993 Westinghouse Corporate Signature
Award of Excellence (highest chairman’s award).


	MTT024
	Return to Contents


