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Abstract

An integrated class I1 RF front-end including a 500 mW power amplifier has been designed and
fabricated for the Digital Cellular Communication System operating at 1800 MHz (DCS 1800)
using the standard Philips Microwave Limeil (PML) enhancement and depletion modes ERO7TAD
process. The IC operates at 3 V supply voltage and includes RF functions of both the Rx (Receive)
and Tx (Transmit) chains. This paper describes the design and experimental performance of the
circuit, which constitutes, to the authors’ best knowledge, the first monolithic 3 V RF front-end for
DCS 1800 cellular communications.

Introduction

RF Integrated Circuits for cellular communications will constitute a considerable market for the
semiconductor industry in the 1995-2000 period, where GaAs technology will play an important
role. Indeed, it is now widely considered that GaAs MESFET technology is particularly well suited
for the implementation of the Tx power stages, where high efficiency amplification is required, and
several Power Amplifiers (PA) have already been reported at L-band. This holds particularly true
since the volume and weight reduction of the mobile terminals leads the battery supply voltages to
decrease steadily to 3 V. Arguments for a monolithic implementation of a complete Rx-Tx front-
end are manifold :

» a power stage uses transistors with high periphery even at medium output power (0.5 to 2
W) and therefore occupies a relatively large area of semiconductor, typically 2 to 3 mm? for a
0.5 W three-stage power amplificr at L-band [1]. The integration of low power RF functions
(Iow Noise Amplifier, Local Oscillator and even Rx and/or Tx mixers) can therefore be

implemented at a marginal cost in terms of semiconductor area, thus resulting in a cheap
one-package solution for an integrated RF front-end

» In almost all cellular communication standards, Rx and Tx channels use 2 separate frequency
bands and are alternatively switched. They never operate simultaneously, which excludes
cross-coupling interference problems.

»  GaAs enhancement mode MESFET technology leads to excellent power consumption per-
formance allowing the use of low cost plastic packaging required for these consumer products.

General architecture

The block diagram of the designed RF front-end is shown in Figure 1. In addition to the Power
Amplifier, the Tx stage includes an up converter (MTx) mixing the Local Oscillator frequency LO
and the Intermediate I'requency IF_Tx, which is set to 400 Milz. The 1O frequency is generated
by a Voltage Controlled Oscillator (VCO); it is tuned by an external resonator into a frequency plan
ranging from 2110 Milz to 2185 MHz. An extcrnal filter is inserted between the MTX output
RF_Tx and the PA input PA_IN in order to remove the signals generated in the image bandwith
from 2510 MHz to 2585 MHz.



The Rx stage consists of a Low Noise Amplifier (LNA) and an Image Reject Mixer (IRM). The
RF input RF_Rx has a bandwidth from 1805 MHz to 1880 MHz, while the IF output IF_RX is
set to 300 Mz, thus resulting in a 1O frequency in the range of 2105-2180 MIHz. Therefore, as
the same VCO is used for both Tx and Rx modes, 1.O frequencies between 2105 MHz and 2185
MlIz have to be available.

Moreover, a 128/129 dual-modulus prescaler is implemented on chip in order to generate from the
LO frequency an output signal of around 17 MlIz, which is compatible with standard synthesizers.

The supply voltages of the Rx and Tx chains are alternatively switched off by depleted FETs
controlled by an external signal.

Circuit fabrication

The DCS 1800 RF front-end has been fabricated using PML’s 0.7 um MESFET ERO7AD process.
This process uses 3” LLEC wafers, gate recessing, Si* implantation, boron isolation, standard
photolithography, dry etching and enhanced lift-off techniques. It is especially suitcd for low power
L-band to C-band mixed analog/digital applications. Enhancement mode transistors (E-FET) and
depletion mode transistors (ID-FET) are available in this process, which both have a typical Fy of
17 GHz. The E-FET threshold voltage is V, = 0.175 V and the drain current is 50 mA/mm at Vgs
= 0.7 V. The D-FET, which is mostly dedicated to power applications, has a threshold voltage
of -2.0 V and an associated drain current of 200 mA/mm at Vgs = 0 V. A photograph of the IC
is shown in Figure 2 , the chip size is 2.5 mm x 2.5 mm.

Power Amplifier

The PA design is designed to reach an output power of over 27 dBm and a Power-Added Efficiency
(PAE) higher than 30 % in the DCS band (1710 MI1z-1785 M11z) under a 3.3 V supply voltage.
The input power at PA_IN is set to 0 dBm.

The design of the three-stage PA is based on the high power-added efficiency of the D-FET in
saturated class-AB and makes use of harmonic enhancement for the interstage matching circuits
(Figure 3). The sizes of the D-FETs are fixed to insure power output capability as well as satu-
ration. Feedback circuits are positioned between the drain and the gate of the depleted transistor in
order to insure low frequency stability. The last output matching network is chosen to be
implemented externally because of the 9 mm gate width output transistor in order to lower losses.
IF'urthermore, the power gain of the PA can be adjusted by applying gate voltages between -2 V and
-1 V on the nodes VG1, V(G2 and VG3 for a total gate current less than 0.5 mA.

The PA performance has been mcasured at 1.8 GHz under 3.3 V and the rcsults are presented in
Figure 4. For 0 dBm input power, the measured output power is around 27 dBm and the PAE is
higher than 34 %.

Tx stage

A Colpitts type VCO, which is well suited for low supply voltages, is used. The positive feedback
is achieved via a capacitive bridge between gate and source of the E-FET. Two varactor diodes are
integrated on the IC and the LO frequency is determined by the external resonator and the control
voltage CTRI,_VCQ. Mecasurements on a similar VCO shows a phase noise of -100 dBc at 100
kI1z frequency offset (Figure 5). The signal delivered by the VCO is fed into the up converter MTx
via 2 differential amplifier stages.

‘The MTx stage is a double-balanced Gilbert cell with a differential 1T stage designed with D-FETs
because of the large amplitude (0 dBm) of the input signals IF_Tx. The RF output signals are
taken on the drains of the mixing transistors and are then combined into a low input impedance
push-pull stage. The loads of the Gilbert cell are 1.C parallel networks tuned at the required RIF_Tx
frequency band OL-IF_Tx (1710 M11z-1785 MI1z). Thus, the amplitude of the signals in the image
band OL,+ IF_Tx (2510 MIIz-2585 MI1z) is reduced before being filtered cxternally.

The simulated DC power consumption of the complete T'x stage is around 210 mW.



Rx stage

The LN/ consists of 2 cascaded E-FETs biased via a resistive bridge which achieves the best
trade-off beiween gain and noise figure. A feedback loop is added for the stabilization of the
operating pomnts. The input matching of this cell is achieved via an external inductance. The LNA
integrates an Automatic Gain Control, thus providing a conversion gain from -6 dB to 17 dB from
the whole Rx chain by applying an input voltage between 0 and 3 V at the pin AGC_RF.

The IRM removes by phase cancellation the undesired signal and noise generated at the RF
frequency OL+ IF_Rx. It consists of 2 double-balanced Gilbert mixers with a-RF differential stage
with one grounded input. The first Gilbert ccll mixes the LNA output with the VCO
complementary outputs, the second one with the LO complementary signals phase shifted by 90°.
After mixing, the four phases of the IF signals are available. Two of them with a phase difference
of 90° are combined with the two others via a differential stage so that the adjacent RF image band
is rejected.

The IRM requires therefore the quadrature phase shifting of the 1O signals. Each phase shifter is
a RC network and integrates a phase adjustment pin for optimum phase balance. Amplifier stages
are added to the phase shifters so that the phase shifted signals have the same amplitude as the non
phase shifted ones.

The measured performance of the Rx chain indicates a DSB noisc figure less than 7 dB, a typical
1 dB compression point of -30 dBm with respect to the input at 1.8 GHz and an input third order
intercept point higher than -22 dBm. Figure 6 shows that an image rejection higher than 25 dB is
obtained for a conversion gain of 16.3 dB at 1.8 Gliz. The measured power consumption of the
Rx stage is less than 135 mW under 3 V supply voltage.

128/129 dual-modulus prescaler

The proper division range 128/129 is obtained by 3 cascaded dividers and a pulse swallowing tech-
nique, as indicated in the Figure 7. A control logic driven by the input pin CTRL_PR ensures
correct toggling of the divider by 5/6. The design goal is to reduce significantly the power
consumption of the prescaler. The use of dynamic logic is therefore required [2]. A dynamic flip-
flop is easily implemented using 2 transmitting gates and 2 Direct Coupled FET Logic (DCFL)
inverters as shown in Figure 8 The divider by 5/6 (operating at the highest frequency) and the
divider by 4 use dynamic flip-flops. The dynamic logic is limited by a minimum operating
frequency of around 500 M1z given by the discharge time of the flip-flop noninverting stage. This
limitation is alleviated by adding a memory cell in parallel to the dynamic flip-flop leading to
semidynamic flip-flop (Figure 9). The divider by 6 has been designed with such flip-flops.

Moreover, as the DCFL gates requires only a 1.5 V supply voltage, a middle node VDB = 1.5V
is generated on chip via a resistive bridge. The divider by 5/6 is implemented between VDB and 3
V, and the 2 other dividers between the Ground and VDB in order to reduce the prescaler power
consumption.

The division of frequencies from 1.9 GlIz to 2.3 Gllz under 3.0 V with a power consumption of
around 15 mW is obtained.

Conclusion

A fully monolithic 3 V class I DCS 1800 RF front-end integrating a 500 mW power amplifier, a
Rx low noise amplifier and image rejection mixer, a Tx up converter mixer as well as a voltage
controlled oscillator and a PLL dual modulus prescaler is demonstrated. Performance compatible
with its integration in a DCS 1800 terminal is obtained, thus demonstrating the validity of the
monolithic approach. A low cost, SMD packaged, simplified version will be introduced on the
markct by the end of 1994,

Extensive experimental data will be presented at the conference.
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Figure 2 : Photograph of the 3 V DCS 1800 RF front-end IC
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Push-Pull Receiver Input Amplifier
Sstages -- The Solution to Intermod Problems

Hans Sapotta, TEMIC (Telefunken Microelectronic GmbH, P. 0. Box
3535, D7100 Heilbronn, Germany; 49/7131/67-2244

Today’s battery operated handhelds require an optimal sensitivity,
an excellent large signal bebaviour and an extremely low de power
consumption. But as normally the large signal behaviour is
directly combined to dc current, there exists a system boundary
that could not be passed up to now.

The new circuit offered here allows an increase in IP3 of 174B at
8mA dc current with almost no decrease in gain, noise behaviour or
reverse isolation. IM2 behaviour is improved as well as higher
order intermodulation (see table below).

These results are achieved with a push pull complementary grounded
base arrangement. A NPN bipolar transistor and a pnp bipolar
transistor operate as parallel amplifiers for high frequency
signals. If the supply current through both devices is equal, the
intermod distortions compensate each other to a certain extent and
therefore a nearly 3ideal 1linear amplifier is built. The same
current through both devices is achieved by simply switching both
transistors in series. One cam connect either the emitters or the
collectors of both transistors. Both circuits are equivalent in
their electrical behaviour, so that practical aspects 1like
operating point stabilization or signal handling may decide what
is preferred. For a correct function, the parallel ac operation
must be maintained down to the lowest difference freguency of two
possible input signals.

The transistors need not be matched, just taking similary types is
sufficient. The resulting noise figure is about the mean value of
the noise figure of the npn- and pnp-device.

Taking over these results to FET-devices suffers from the fact
that matching becomes necessary, as FET devices do not follow the
Shockley’s equation. .

It is planned to extend these results from amplifier devices to
mixer devices. First results dre quite promising.

device MOSFET BJT Push Pull BJT
circuit grounded source| grounded base | grounded base
source imp. 500 @ 50 0 50
F/db 0.8 1.0 1.2
Gain/dB 20 10 10
IP2/dBm 26 46 51
IP3/dBm 0 10 27(=0.5W)
IP5/dBm -9.5 | 9 18

Table 1: Comparing different devices as receiver input stages at
100MHz and 8mA biasing current (measurement values)
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A low-voltage IC front-end for cellular radio

Sheng Lee and Alvin Wong

Philips Semiconductors, 811 E. Arques Avenue, P. 0. Box 3409, Sun
nyvale, CA 94088-3409

Today’'s portable cellular users are demanding smaller, lighter
phones with loner talk time. In response, cellular phone manufac-
turers are forced to use highly integrated and low-voltage ICs in
their designs. The Philips SA401 front-end IC fulfills these needs
by incorporating a high-performance LNA and mixer in a single 3-V
device. The SA601 can be combined with the Philips SA606 (low-
voltage FM/IF) and SAS5752/SA5753 (low-voltage audio processor chip

set) to form a complete 3-V receiver section which meets AMPS speci
fications.

This presentation will discuss the importance of a high—performance
integrated front—end to meet the strict requirements for cellular
radio. Additionally, SA&401 performance graphs will be shown along
with performance graphs for the entire cellular receiver.
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A Monolithic Quadrature Demodulator and Digitizer for PSK and
QAM Applications

Jim Marsh, Scott Williams, Brent Jensen
Tektronix Microelectronics, P.O. Box 500, Beaverton, OR

Simon Atkinson, Jonathon Strange
Mosaic Microsystems LTD
3 The Old Yard, Rectory Lane, Brasted, Westerham, Kent, England

Dave May, Tom Bilotta, Fred Harris
TV/COM International, 16516 Via Esprillo, San Diego, CA

Abstract

The signal conditioning and processing required in modern QPSK and QAM modems is performed by
imbedded low cost, high performance digital signal processors. Sample rates exceeding 60 MHz (/Q),
representing input bandwidths up to 45 MHz, can now be supported in consumer grade products. The
pre—processing task required of a DSP based modem is the transformation (or transduction) of the modulated
input signal from an input IF carrier to a pair of quadrature baseband analog to digital (A/D) converted data
streams. While conceptually simple to implement, this conversion represents a formidable challenge at the 60
MHz sample rate. This transformation, requiring a quadrature spectral translation, anti-aliasing filterin g,
sampling, quantization, and binary coding has been implemented by a versatile, highly integrated, mixed mode
integrated circuit which we introduce and discuss here.

Introduction

Digital signal processing (DSP) techniques are being applied to the implementation of various stages of radio
receivers (and in particular, modems) for a number of reasons. These include improved cost—performance
considerations, reduced costs of manufacturing, alignment and testing, reduced inventory requirements in
support of a product line, low cost for product enhancements, and ease of incorporating growth features.

Modems can be implemented incorporating various degrees of imbedded DSP. The interface between the
analog and digital portions of the modem is the analog to digital converter (ADC). The location of this
interface is related to the required performance parameters of the converter. The most important parameters are
signal bandwidth and signal to noise ratio which define, respectively, the necessary sample rate and effective
number of bits required for the conversion. Additional considerations are stability of the sampling clock,
aperture uncertainty, quadrature channel matching, and the cutoff frequency of the quantizer networks. Subject
to satisfying these considerations it is desirable to locate the analog to digital interface as early in the processing
chain as possible.

Conventional quadrature receiver architectures designed to leverage the advantages of DSP have relied on
separate functional blocks for the IF gain, quadrature demodulation, baseband filtering, I and Q sampling,
clock generation, and local oscillator subsystems, resulting in considerable complexity and cost. This
traditional implementation is particularly unsuited to a volume production environment due to the difficulty of
achieving repeatable amplitude and phase matching of I and Q channels without post-assembly adjustments.

We discuss here a highly integrated component that provides IF to baseband quadrature demodulation,
anti-aliasing filtering, and A/D conversion on a single monolithic die. The high level of integration, combined
with superior specifications, provides a reliable cost effective solution for the most demanding of vector
modulated digital receiver applications.
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Architecture

Functional Description

The component can be functionally divided into two block diagrams, illustrated in figures 1 and 2. The analog
signal conditioning, consisting of IF processing, quadrature demodulation, baseband lowpass filtering, and
buffering functions are shown in figure 1. The ADCs and supporting circuitry are illustrated in Figure 2.

IF Quadrature Demodulator

We now present details of the quadrature demodulator block of the component which is shown in figure 1. This
block integrates the IF processing functions which includes a controlled input impedance amplifier, a variable
gain amplifier, and matched mixers to produce the I and Q baseband signals. The block also includes an
integrated VCO, a divide-by-16 frequency prescaler, and an active phase shift network which forms the
quadrature LO signals. The final portion of this block contains a pair of integrated active low pass filters and
baseband amplifiers to supply the drive levels required by the ensuing ADCs.

Power
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AGC

IFIN
AGC
IFINB
40dB—-0dB

Baseband
Channel [

10-30 MHz
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- 0y

Baseband
Channel Q

g
VARV

OFFSE
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VCOPRE Power PDETQ
TNKA _/D Detect
~ DIV-1

TNKB \D VCOPREB

Figure 1: IF Quadrature Demodulation Network

The IF input amplifier is a wide bandwidth 50 ohm input impedance amplifier with sufficient insertion gain and
linearity to provide an IIP3 of +5 dBm for an expected input power of ~10 dBm. Differential inputs are
provided, but single-ended drive is accepted with proper termination of the unused input. A variable gain cell
follows the input amp. This cell uses a modified double balanced mixer topology to provide an attenuation
range in excess of 40 dB. An amplifier follows the variable gain cell to provide additional gain and drive to the
mixers. Linearity is enhanced by a current feedback topology and by buffering the degeneration resistors. A
classic double balanced mixer cell is the core of a baseband power detection function, provided for each of the
two channels. A differential to single ended converter drives the on board gyrator filters.

The negative resistance amplifier of a resonant tuned oscillator is provided on chip. A differential topology is
utilized to provide maximum interference rejection. The oscillator is buffered, and drives a quadrature
generation network as well as a divide-by—16 prescaler.

A variation of a phase lock loop topology is utilized in the quadrature generation circuitry to provide the
stringent phase error specifications called for in this design. This architecture uses a variable delay element, a
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phase detector, and an integrator in a feedback loop to lock the I and Q LO signals at 90 degrees phase
difference.

A fully integrated 5th order Butterworth low pass filter is realized using a gyrator topology. The cutoff
frequency is adjustable from 10 MHz to 30 MHz. The filters for each channel are independently adjustable.

The baseband amplifier, one each for the two channels, provides 29 dB of gain to drive the A to D converter.
The amplifier exhibits a 3 dB bandwidth in excess of 120 MHz, providing a maximally flat response from DC
to 20 MHz. Each amplifier has an offset adjustment to compensate for any offsets introduced by the filters.

A/D Converter

The dual ADCs and supporting circuitry are shown in figure 2. This block integrates two matching 6 bit flash
ADCs, the clock generation network, and all the bias and reference generation circuitry.
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Fuliscale/2 . |

Reference
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Figure 2: Dual ADCs and Supporting Circuitry

Each ADC provides 6 bits of resolution, and is implemented using a full flash topology. All signal paths in the
converter are balanced to minimize common mode interference and eliminate ladder droop. The converter uses
a Thermometer to Grey to Binary decoding sequence to minimize the errors due to out of sequence codes when
digitizing a high speed signal. The decoding sequence is coupled with appropriate delay elements to drive
metastable related errors to a statistically acceptable level. The data is latched, and is available to the user in
either a 2s complement or offset binary format.
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The resistive ladder, which provides the threshold voltages for the ADC comparators, is driven by an on chip
reference amplifier. A ladder and reference amplifier is provided for each channel. The reference amplifiers’
drive levels, derived from a bandgap voltage, define the full scale input voltage of the ADCs. The common
mode levels of each reference amplifier are designed to mimic the common mode voltage of the corresponding
baseband amplifier. Feedback is incorporated to insure proper common mode match between reference and
signal.

The clock generation network accepts a sinusoidal input from the user, buffers and translates the signal, and
drives the programmable sample rate prescaler as well as a reference clock prescaler. The programmable
sample rate divider determines the actual sample rate for the ADC and the data clock out, as well as the latched
output data.

Most reference and bias levels are generated from master bandgap reference cell. This cell provides supply
independent biasing, and both temperature independent and PTAT bias are available. Slave reference cells
provide the reference and bias signals for the various functions.

The design includes an independent single supply operational amplifier for use as determined by the user. The
op amp runs on a single +10 volt supply and provides greater than 85 dB of open loop gain, 10 MHz gain
bandwidth product, and less then 1 uVpp integrated noise voltage. This op amp is useful in AGC loops or for
conditioning the filter cutoff frequency adjustment.

The Interface

The interface between the RF front end and the ADC consists of differential baseband signals and all reference
signals necessary for the circuitry. The baseband amplifier must only drive a high impedance load, as the signal
remains on chip. The power requirement of the baseband amplifier is thus considerably less than that required
to drive a signal off chip into a controlled impedance environment. The monolithic solution also provides
simplified bias requirements, as all gain dependant functions will track over variations in process. This
eliminates the need for the user to compensate for changes in gain from part to part, and from channel to
channel.

Banner Specifications

The design boasts many characteristics that have never before been achieved in monolithic form. The level of
integration will simplify the job of the receiver designer by eliminating several of the traditional interfaces
required by discrete designs. The high level of integration will decrease the total parts count of a design,
increasing the reliability of a receiver system.

Each channel ADC provides 6 bits of resolution at a sample rate of 60 MSPS. The dynamic resolution of the
converter degrades by only 0.5 effective bits for input frequencies near nyquist. The dynamic accuracy of the
converter is possible due to proprietary design of the comparators and the process technology specifications.
Metastable errors that might contribute to Bit Error Rate (BER) have been statistically eliminated by
appropriate placement of signal regeneration. In addition, the Thermometer to Grey to Binary conversion
insures that any problems in the conversion will result in at most a 1 LSB error at the output.

The quadrature generation network utilizes the PLL topology mentioned above to achieve unprecedented phase
and amplitude accuracy in a monolithic quadrature demodulator.

The variable gain amplifier discussed above exhibits a range of attenuation from —-3dB to an excess of —43dB,
thus delivering an input dynamic range in excess of 40dB.

The filters are realized utilizing a gyrator topology and implement a fifth order Butterworth response. The
cutoff frequency of the filters can be adjusted between 10MHz and 30MHz via an analog input. The variable
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cutoff characteristic is useful in multi-sample rate situations, where the baseband signal has a predetermined
bandwidth. The integrated filters provide superior channel to channel matching, in addition to simplifying the
overall system design.

Isolation Issues

A design with this level of complexity will provide many opportunities for unwanted coupling between various
functions of the chip. The majority of these isolation issues involve the digital outputs and the associated
harmonic energy coupling into the circuitry in question, either through the substrate or via the package parasitic
capacitance and mutual inductance. Several design techniques were utilized to minimize the effect of coupled
signals, including the use of differential topologies for all analog and digital signals. Differential YO was used
wherever possible to increase isolation through the package and on the board. The digital outputs have been
designed with controlled rise and fall times into well defined loads to limit the harmonic energy. The integrated
filters, where the signal path is single—ended, utilize grounded capacitors to take advantage of a parasitic PN
junction, thus increasing the substrate isolation. The prescaler divide ratio was chosen such as to guarantee the
prescaler frequency does not fall in the baseband. Finally, separate supplies are brought out of the package to
insure sufficient cell to cell supply rejection.

Results

Chip Statistics

The die measures 156 x 129 mils2, and a die photograph is shown in figure 3. The design integrates 500 cell
instances and utilizes 10,000 transistors and 10,000 passive elements. The component dissipates 1.3 watts at
room temperature, and is packaged in a 100 pin MQFP.

Figure 3: Quadrature Digitizer Chip Photograph

The design is fabricated on a trench isolated, double poly-silicon, bipolar technology. The NPN transistors
exhibit a nominal f1 of 14 GHz, and may be scaled to a minimum area of 8 x 12 umz. At this minimum size the
Junction capacitors have the following values: Cjc = 15.5fF, Cje =9.3fF, and Cjs = 11.3fF. The technology also
offers lateral PNPs, schottky diodes, 200 ohm/sq poly-silicon resistors, 50 ohm/sq thin film trimmable
Nichrome resistors, and MOS capacitors.
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Four layers of interconnect are available, including three layers of gold and 1 ohm/sq poly-silicon. The
poly-silicon and bottom two layers of gold metal may be patterned at a 4 um pitch. The third gold layer may
be drawn at a 16 um pitch. This top gold layer is very useful for power bussing, as it is twice the thickness of
the other two layers of metallization.

Measurements

Evaluation was performed on the die to determine part functionality. All major blocks of the chip were
functional. The range of IF Gain vs. AGC input, shown in figure 4, enables the component to deliver greater
than 40 dB of dynamic range.

The result of the quadrature demodulation process is shown in figure 5, which shows both I and Q baseband
signals that are the result of a 684MHz VCO frequency and a 664 MHz IF frequency. The test environment
necessitated the averaging of the baseband signals, but this will only serve to ease the measurement of any
systematic quadrature phase or amplitude error. The measurements in figure 5 result in a phase error of less
than 0.3 degrees and an amplitude error less than 0.1 dB.

The ADC linearity is presented in figures 6 and 7. The maximum integral linearity error and differential
linearity error are both less than 0.2 LSB. The measured gain match is less than 0.05 dB.

311403 DIGITIZING OBCILLOBCOPE Lexp12.2,081912.1,d8y12.03
date: I2-I0T-23 timer 1i18234 Instrumens IDe 9010314

Tk
= EE R =

3.075v

?
AGC Input (W)

Figure 4: IF Gain Vs. AGC Control Voltage Figure 5: I and Q Baseband Signals
Conclusions

The emergence of DSP techniques that drive digital communication and data compression technology is
enabling consumer and industrial applications not economically feasible just a few years ago. These markets
will put cost pressure on traditional receiver implementations, thus encouraging integration of functionality.
New technologies will require greater performance requirements on these functions, again requiring increased
integration of traditional discrete designs. A component is described that performs the IF to baseband
quadrature demodulation, anti-aliasing filtering, and digitization in a format compatible with evolving digital
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demodulation and video compression standards. This design delivers exceptional dynamic range, linearity,
dynamic accuracy, and is targeted for emerging QPSK and QAM applications.
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Fractional-N Frequency Synthesizers for Next Generation Cellular and
Wireless Applications

Wing S. Djen and Daniel J. Linebarger

Philips Semiconductors
811 E. Arques Avenue
M/S 61, P. O. Box 3409
Sunnyvale, CA 94088-3409
US.A

dbstragz

The phase detector comparison frequency of the described 1 GHz fractional-N PLL
frequency synthesizer can.be either 5 or 8 time higher than the channel bandwidth. This
implies that the close-in phase noise of the carriers can be up to 14dB (20logS) and 18dB
(20logB) lower than the ones generated by the traditional synthesizers. At the same time,
since the reference spurs are at least 5 times further away than the next channel, wider
loop filters are allowed to use, which yields 2 faster switching time. By simple software
programming, the device can switch between two loop. filter configurations, where loop
responses can be designed differently in switching or steady state. Combined with low-
noise and fast lock-time performance, this fractional-N synthesizer is a true winner for the
next generation cellular and wireless handsets.
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A 1-Y CMOS FSK receiver
for wireless applications

David Shiels and Evert Dijkstra, Centre Suisse d’Electronique et de
Microtechnique S. A. (Neuchatel, Switzerland)

This paper will report on an extremely low voltage (1 V) CMOS pro-
cess for battery-operated wireless circuits and systems. Results
will be shown for a low-current FSK receiver chip that is suitable
for a variety of applications.
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The Applications of Advanced CMOS/CCD
Technology in Spread-Spectrum Receivers

Scott C. Munroe
Analog Devices, Inc.
617/937-1245

Introduction

Recent advances in charge-coupled device (CCD) signal-processing technology,
together with its merging with mainstream silicon CMOS technology, make it an attractive
candidate for many functions in wireless receivers. Integrating a high-speed, low-voltage
CCD with a mixed-signal CMOS process allows discrete-time analog signal processing
sample rates and bandwidths to far exceed those possible with switched-capacitor filter
(SCF) technology. Indeed, sample rates are increasing rapidly as the technology is scaled.
We believe that as scaling progresses below 1 pm sample rates and bandwidths will equal
or exceed those practical with surface acoustic wave (SAW) and acoustic charge transport
(ACT) technologies. Even at these high speeds the CCD will retain its advantage of low
power and precise, programmable clock control of delay.

This availability of high-speed, low-power discrete-time analog technology allows
many receiver functions to be implemented more efficiently than with either pure analog or
pure digital signal processing (preceded by an A/D converter). Furthermore, with the
merging of advanced CCD technology with CMOS (ultimately BiCMOS) technology
many receiver functions can be implemented on the same chip, each in the most
appropriate technology. In this manner the highest performance/cost ratio can be achieved
at the system level.

Requirements of Spread-Spectrum Communications Receivers

Spread-spectrum communications technology has long been used by the military
and NASA because of the well-known advantages in the areas of security, fade resistance
due to reduced multipath sensitivity, immunity to interference, and ability to accommodate
more users in a given bandwidth. However, the high cost of spread-spectrum technology
has inhibited its use in the commercial sector until recently. This situation is rapidly
changing as a result of advances in IC technology. With the recent approval of
Qualcomm's code-division multiple-access (CDMA) format as the interim standard for
cellular telecommunications in North America this trend to spread-spectrum
communications should accelerate. In addition, the Global Positioning Satellite system
(GPS) employs spread-spectrum technology. The civilian applications of this extremely
precise navigation system are growing rapidly as the cost of GPS receivers decreases. For



example, personal navigators coupled with digital mapping technology promise to
revolutionize automobile driving once the cost of the technology reaches consumer levels.

In spread-spectrum systems the signal bandwidth is spread over a much wider
bandwidth either by frequency hopping (FH) of the carrier or pseudonoise (PN)
modulation of the signal. Communication systems have been built that use both of these
spreading techniques simultaneously. Common to both types of systems is the use of error
correction techniques to mitigate the effect of an occasional missed or corrupted
transmission.

In the FH case the instantaneous carrier bandwidth is identical to the signal
bandwidth. Accommodation of multiple users is achieved by assigning different carrier
hopping patterns to the different users. For the PN case, the signal bits are modulated by
a much higher frequency code (in communications jargon the bits in the PN code are
called "chips," and the PN bit rate is referred to as the "chipping” rate). Hence, the
instantaneous bandwidth is much wider than the signal bandwidth. A desirable result of
this wider instantaneous bandwidth is that the instantaneous spectral power density is
lower than in the FH case. Consequently, a transmitter causes less interference, and
without error-correction coding more users can simultaneously occupy the same
bandwidth. Furthermore, the direct-sequence transmitter will drop below the thermal
noise floor of the receivers at a shorter range, thereby allowing greater spatial reuse
options. Accommodation of multiple users is effected by assigning different PN codes to
individual users. In both FH and PN cases security is added by randomizing and
frequently changing the hopping patterns or PN codes, respectively.

In both types of spread-spectrum systems the receiver must cuilapse the spread
signal and recover the original information. To perform this function in the FH scenario a
hopping local oscillator (LO) is required for "dehopping" the carrier. For a fast hopper a
very fast-settling frequency synthesizer is required to generate the hopping LO. For the
PN case a programmable matched filter is needed to strip off the PN modulation from the
signal. However, this matched filter must sample at the PN chip rate (or higher), which
can be many times the bit rate of the original signal. Furthermore, when the PN code is
changed rapidly the matched filter must be able to update its reference code quickly, with
minimum dead time in the signal path.

In scenarios where signal acquisition time is unimportant simple serial correlators
suffice for the PN case. Here, the synchronized receiver adds up appropriately-weighted
samples of the modulated signal and determines whether the original signal chip was a 1 or
0. Because the acquisition time tends be very long for serial correlators [proportional to
(number of chips)2x(chip duration)] this approach is appropriate only for systems whose
messages are long compared to the acquisition time.

In an increasing number of cases, however, rapid and frequent acquisition is
required. Mobile communications and navigation systems often experience dropouts due
to fading caused by buildings, bridges, tunnels, etc. Furthermore, modern digital
communications systems are increasingly using packet-switching techniques to transmit
data. Virtually all data transfer is packetized in new systems today. For example, the
telephone system is converting to asynchronous transfer mode (ATM) technology, a form
of packet switching. Such packets tend to be short (~100s of bits), and adding a
synchronization sequence to each packet incurs a stiff overhead penalty that decreases
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effective throughput. Consequently, parallel matched filters are ofien required to
significantly reduce acquisition times. Such filters are able to look at a pipelined sequence
of samples simultaneously and rapidly determine the point in time when the received
sequence matches the stored reference. To perform this matched-filtering operation
requires a massive amount of high-speed signal processing, with simultaneous delays, and
multiply-adds of a large number of signal samples required. Up until recently, it has been
difficult to implement programmable high-speed matched filters of the required length with
acceptable throughput, power dissipation, and component count.

The sample rate required in the matched filter can be surprisingly high. Take the
case of a voice signal represented by a 16-kb/s stream. If each bit in that stream is
modulated by a PN code of length 256 then the resulting stream has a bit rate of 4.1 MHz.
This information must be sampled at a minimum of 4.1 Ms/s (and often at twice that rate).

The situation for Ethernet is even more dramatic: if the 10-Mb/s data stream is
modulated by a 12-bit PN sequence the resulting stream must be sampled at a minimum of
120 Ms/s. The FCC mandates that a spreading factor of at least 10 be used in wireless
spread-spectrum communication systems, and the limit on transmitted power in the
allocated slots is 1 W. The C-band (5.400-5.525 GHz) bandwidth allocation is 125 MHz,
the S-band (2.400-2.4835 GHz) allocation is 83.5 MHz, and the L-band (902-928 MHz)
allocation is 26 MHz. For highest data rates the maximum bandwidth allocation should be
used, and to do so will require very high-speed matched filters.

At the other end of the transmitted power budget are spread-spectrum systems
intended for low-power inter- and intra-building and personal communication systems.
Here, the extremely low limit on transmitted power (~1 mW), coupled with the multipath
environment common in buildings, severely degrades the signal-to-noise (S/N) ratio. The
instantaneous power limit is too low for FH systems to be used effectively. To mitigate
the effects of low power and multipath, PN systems with long codes are desirable because
the noise and interference typically are uncorrelated to the PN code used to modulate the
signal. Therefore, the S/N power ratio improves by the number of PN chips per bit. For
example, a PN code of length 256 increases the S/N by 24 dB.

Because increasing the spreading bandwidth improves all of the desirable features
of a spread-spectrum communications system there is inexorable pressure to build faster,
wider-bandwidth systems. This trend, however, conflicts with the requirements of
wireless systems: low power and low cost. Hence the need to implement each function as
efficiently as possible.

Finally, modern digital communications systems tend to have "bursty" data.
Packet radio is a good example of such a system. If the duty cycle of the data is low
enough it would be desirable to absorb and store the burst but process the signal during
dead time at a bandwidth or data rate lower than that of the incoming signal. At a 50%
duty cycle there is no advantage (readout rate must equal input rate). However, as the
duty cycle decreases below 50% the readout rate can be significantly reduced. At a duty
cycle of 1/3 the readout rate can be half the input rate. At a 10% duty cycle the readout
rate can be 1/9th of the input rate. The advantage to this scheme, known as FISO (fast-in,
slow-out) is that many of the downstream signal processing components can be slower,
lower power, lower cost, and potentially lower noise. To realize the full benefits of FISO,
however, requires that the high-speed input sampling and storage circuitry be very area
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and power efficient. This generally is not the case when flash A/Ds and high-speed digital
memory are used for this function.

A summary of the requirements of wireless spread-spectrum communications
receivers is given below.

Summary of spread-spectrum receiver requirements

* Fast, programmable, parallel matched filters
-For wideband PN systems requiring rapid acquisition

» Fast-settling frequency synthesizers for building fast-hopping local oscillators
-For fast-hopping FH systems

* Long, programmable matched filters for narrowband signals
-For low-bandwidth, low-power systems requiring long PN codes

e High-speed, low-power FISO circuitry to absorb data bursts
-Allows processing of signals at lower speed, power, noise, aiid cost in low-duty-
cycle systems

¢ Low-power, low-cost components for consumer wireless applications

As will be discussed below, advanced CMOS/CCD technology can be of great benefit in
meeting many of these requirements.

Characteristics of Advanced CMOS/CCD Technology

Signals can be represented in the voltage, current, or charge domains. Historically,
the use of the voltage domain has dominated, with the current domain sometimes
employed in applications where its advantage in speed outweighs its typically higher
power dissipation (e.g., RF, ECL). As geometries and power supply voltages are reduced,
however, these two domains become more difficult to use. In the case of voltage-domain
circuits, headroom, noise margins, and speed are negatively impacted by shrinking
geometries and supplies, and higher parasitic capacitance. In the current domain,
performance is degraded by reduced headroom and more resistive devices and
interconnects. Because a current inevitably flows between supplies ihe number of signal-
processing operations (each requiring at least a diode drop) that can be performed before
this current must be "reflected” off a supply is severely diminished as headroom drops.
Indeed, even the reflection requires a minimum of a diode drop, and is itself a source of
signal degradation and power dissipation.

More recently, charge-domain signal-processing techniques have begun to make
inroads. Charge is the fundamental electrical quantity (voltage and current are
manifestations of charge), and the processing of signals in the charge domain appears to
have significant advantages in many applications. As IC technologies are scaled below
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about 2 um they become much more capacitive. Charge-domain signal processing takes
advantage of this inevitable trend: higher capacitance per unit area allows higher charge
densities. In switched-capacitor filter (SCF) technology, for example, the easy availability
of capacitors and good switches have made it possible to replace “current through a
resistor” with "charge on.a capacitor” as a way to process signals. Such capability allows
precision and programmability to be achieved with the control clock, rather than a fixed
precision resistor. Furthermore, a savings in power is frequently realized. However, SCFs
require voltage-domain feedback in order to move charge from one capacitor to another.
This has resulted in frequency limitations that have restricted the use of SCFs to
applications requiring sample rates below approximately 1 MHz (depending upon the
required accuracy).

CCD signal processing does not require feedback to transfer charge. Its
characteristics more closely resemble those of current-domain signal processing, but with
the strong advantage of a self-restoring operating point after each transfer. Although
many of the advantages of CCD-based signal processing have long been recognized, the
high voltages, multiple clock phases, and high capacitance of early CCDs made it difficult
to realize the advantages. However, these drawbacks are historical, not fundamental;
many stem from the attempt to use CCD imager processes for signal-processing

applications. The requirements for imaging and signal processing are so different that IC

processes tailored for the former are unsuitable for signal processing.

CCD signal-processing technology has made major strides over the past decade.
The advances have been so rapid that most public domain references are out of date.
Noteworthy among these advances are the reduction of operating voltages to 5 V and the
perfection of uniphase clocking [1]. The lower voltage and use of a single clock have
been accomplished without a reduction in maximum CCD charge transfer rate. Indeed, 5-
V CCDs fabricated in the late 1980s with older 4-um NMOS/CCD technology had
reached test-equipment-limited speeds of 370 MHz [2]. Both device-level simulations and
experience indicate that CCD charge transfer rates far exceed the ability of the on-chip
peripheral circuitry to keep pace.

These recent advances have made CCD signal-processing technology compatible
with 5-V CMOS technology. Simulations of more advanced CCD structures indicate that
operation down to at least 3 V should be possible. It should be emphasized that CCD
structures and processes designed for signal processing are much simpler than those for
imaging applications, where optical and anti-b