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Abstract 
The tendency today in radio receiver design is towards a fully 
integrated receiver, with a minimal number of adjustments 
and external components. This paper presents the results 
of a feasibility study concerning the monolithic integration 
of an FM upconversion receiver. The on-chip selectivity is 
obtained with silicon-integrated surface acoustic wave filters 
by using a ZnO-SiOz-Si layered structure. 

1 Introduction 
For reasons of performance, reliability or cost, the number 
of components in electronic systems are constantly being 
reduced and more and more parts of the total system are 
being integrated in one chip. Frequency selectivity is of- 
ten required. At low frequencies switched-capacitor filters or 
continuous-time active filters can be made on-chip, but these 
are filters with a limited dynamic range. Until now, high dy- 
namic range selectivity has been achieved by using external 
(bulk or surface) acoustic wave devices or LC filters. On-chip 
selectivity can be obtained by the monolithic integration of 
surface acoustic wave (SAW) devices in a ZnO-SiOz-Si lay- 
ered structure. Such an integration of a SAW delay line 
has been carried out as part of a delay-line oscillator in a 
physical-electronic system for sensors [l]. ZnO as a piezo- 
electric layer has been used to fabricate SAW filters 121, but 
these filters have thus far not been realized in a ZnO-SiOz-Si 
structure. Such SAW filters (monolithically integrated with 
electronic circuitry) would be attractive for example in AM, 
FM and digital radio receivers, satellite broadcast receivers 
and television (HDTV) systems. Furthermore, on-chip SAW 
resonators can be used in low-phase noise oscillators for com- 
munication applications. 

In this paper, the monolithic integration of an FM upcon- 
version receiver front-end with on-chip SAW filters will be 
discussed. The commonly applied downconversion configu- 
ration for FM receivers uses 10.7 MHz as an intermediate 
frequency (IF). Because the image channel is only 21.4 MHz 
away from the desired radio frequency (RF) signal, a tuned 
band-pass filter of sufficiently high order is needed to obtain 
an adequate image response suppression. An adequate on- 
chip replacement for the tuned filter at the input has not 
yet been found. Furthermore, spurious responses, due to 

local oscillator (LO) harmonics, additionally limit the use- 
ful dynamic range. Therefore, another architecture must be 
chosen. Direct detection, converting the RF signal directly 
to baseband, seems a promising solution. However, offset 
of the transistors remains a limiting factor for the dynamic 
range. Upconversion receivers with frequencies of the IF  and 
LO signals higher than the highest RF signal, only need a 
non-adjustable low-pass or band-pass filter a t  the input to 
achieve a sufficient rejection of image and spurious responses 
[4]. The upconversion principle for a high-performance FM 
receiver, without any adjustments of filters or offset voltages, 
seems most promising. 

The use of the upconversion principle results in an inter- 
mediate frequency above 108 MHz and to avoid problems 
such as pin-to-pin feedthrough at these high frequencies, all 
high-frequency circuits and filters should be monolithically 
integrated on the same chip. Only the input signal, some 
bias voltages, tuning voltage and the output baseband sig- 
nal should occur at the pins of the IC. By using a silicon- 
integrated SAW filter as IF filter, a monolithically integrated 
FM upconversion receiver is feasible. 

In section 2 system design considerations for FM upcon- 
version receiver front-ends will be discussed. In section 3 the 
design of silicon-integrated SAW filters and their equivalent 
circuits will be discussed. In the receiver system optimal sig- 
nal transfer, in contrast to power transfer, is desired. Using 
the equivalent circuit model it is concluded that the SAW fil- 
ter should be driven by a balanced voltage and loaded with 
a differential short circuit. In the present study the integra- 
tion of SAW filters and electronic circuitry is realized in the 

3 GHz BIFET process. As described below, only mi- 
nor process modifications were necessary for achieving this 
goal. Measurements on silicon-integrated SAW devices and 
electronic circuitry are presented in sections 5 and 6, re- 
spectively. Section 7 ends this paper with a discussion and 
conclusions. 

2 System design considerations 
For fabrication with a minimum of external adjustments and 
peripheral components, upconversion is the method which 
seems most promising. A block diagram of the FM receiver 
is shown in Fig.1. The voltage from the whip antenna passes 
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through a band-pass filter to the input amplifier (amp.1). 
By using the local oscillator (LO) signal and the mixer, the 
RF  signal is converted to a signal at  the intermediate fre- 
quency (IF). The second amplifier is used to drive the I F  
filter with the mixer output signal. The IF filter is loaded 
with an amplifier (amp.3), which drives succeeding stages for 
the detection of the FM signal. 

The demands placed on each block specified in the dia- 
gram of Fig.1 will now be discussed, beginning with the 
choice of the intermediate frequency. The IF filter is an 
on-chip SAW filter, either a transversal filter or a resonator 
filter. Because the SAW filter is fabricated in a threelayered 
ZnO-SiOz-Si structure, higher order Rayleigh-wave modes 
are present. The most dominant (spurious) pass-band in the 
filter is caused by the second Rayleigh-wave mode at  approx- 
imately 1.7 times the fundamental pass-band frequency. The 
signals passing through this spurious pass-band may disturb 
the detection of the desired signal. For instance, FM detec- 
tors using phase-lock loops may thus be pulled out of lock. 
A low-pass filter between the IF SAW filter and the FM de- 
tector will attenuate these undesired signals. However, such 
a filter cannot be made in a form compatible with the wish 
to fully integrate the receiver. The signal frequencies arriv- 
ing at  the antenna, from which the disturbing signals may 
originate, can be placed far away from the FM broadcast 
range by choosing the proper intermediate frequency. Thus 
maximum attenuation by the input filter is achieved. Choos- 
ing these spurious frequencies higher than the FM broad- 
cast band leads to intermediate frequencies above 500 MHz, 
which puts impractical demands on the electronic circuitry 
that is realized in a 3 GHz process. However, the spurious 
frequencies can be set lower than the FM broadcast band by 
choosing an intermediate frequency of about 160 MHz. 

The local oscillator frequency may be chosen lower or higher 
than the intermediate frequency of 160 MHz. A LO fre- 
quency higher than the intermediate frequency gives much 
fewer spurious responses in the receiver [4]. The local os- 
cillator should then be tunable from 247 MHz to  268 MHz. 
Oscillators using only small capacitances, like regenerative 
types, are to be preferred. 

The input filter must sufficiently attenuate signals at the 
image frequencies (404-428 MHz) and the spurious frequen- 
cies due to the second Rayleigh-wave mode (4-25 MHz). 
Both an on-chip SAW transversal filter or an external LC 
filter may be applied. At the moment only LC bandpass fil- 
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ters have been realized. For a 40 dB attenuation of signals 
at the image frequencies and at  the spurious frequencies a 
fourth-order non-tuned LC band-Dass filter is sufficient. 

A mixer is used to perform the frequency conversion of 
signals from the FM broadcast band to signals at  the inter- 
mediate frequency. The mixer has to handle the total FM 
broadcast range of signals and must, therefore, be extremely 
linear to maintain sufficient selectivity. The linearity can 
be described in a figure-of-merit: the intermodulation-free 
dynamic range (IMFDR). It is determined by the dynamic 
range in which the intermodulation cannot be distinguished 
from the noise. A bipolar current switching mixer is the best 
circuit with respect to noise and distortion performance [4]. 
A balanced version is preferable to compensate for local os- 
cillator feedthrough. Both input and output signals of the 
mixer are balanced currents. 

The input amplifier also has to be extremely linear. A 
noise floor of 1 pV (B=180 kHz) and a maximum input level 
of 100 mV for linear operation of the input amplifier are de- 
sirable. Furthermore, this amplifier has to terminate the LC 
filter at the input to obtain a signal transfer which is suffi- 
ciently independent of the impedance of the whip antenna, 
which can vary, dependant on the position of the antenna 
relative to the ground plane of the receiver. The output sig- 
nal of the amplifier must be a current for driving the bipolar 
switching mixer. Amplifiers employing two feedback loops 
are to be preferred for a low-noise, linear input impedance 
for the termination of the filter and driving the bipolar mixer 
with a current [14]. 

Amplifier 2 in Fig.1. has a balanced current as input sig- 
nal and must deliver a balanced voltage for the SAW filter. 
As this amplifier has to handle the total upconverted FM 
broadcast range this amplifier must also be extremely lin- 
ear. In section 6 a balanced transimpedance amplifier will 
be presented to fulfil these demands. 

As an IF filter either a SAW transversal filter or SAW 
resonator filter may be applied. A properly designed SAW 
transversal filter shows little variation in group delay and, 
therefore, does not distort the audio signal. Resonator filters 
are minimum phase devices and do show a variation in group 
delay, thereby distorting the audio signal. SAW coupled res- 
onator filters may be applied to increase the selectivity or to 
decrease the group delay variation. The IF filter should have 
a -3 dB bandwidth of about 180 kHz. It will be shown in 
the next section that the length of a SAW transversal filter 
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will be more than 10 mm for a 180 kHz bandwidth, resulting 
in impractical chip sizes. So, either SAW resonator filters 
must be used or a SAW transversal filter with a bandwidth 
of about 400 kHz to comply with a 10 mm chip length. In 
the latter case a selective FM detector should be applied. 

A further important aspect is the fabrication reproducibil- 
ity and temperature stability of these SAW filters. For a 
maximum deviation from the center frequency of 50 kHz, the 
filter must be reproducibly made with a tolerance of max- 
imally 300 ppm, while the center frequency drift must be 
smaller than 3 ppm/K over a 100 K temperature range. As 
these demands are quite stringent, techniques such as com- 
pensation will have to be applied to circumvent these prob- 
lems. The extra circuitry and SAW device, needed for this 
compensation, are the subject of further investigation. 

Amplifier 3 loads the SAW IF filter and drives the succeed- 
ing stages for the detection of the FM signal. Both amplifier 
and FM detector are subject of current investigation and will 
not be presented here. 

The target specifications of the front-end can be summa- 
rized as follows: 

Input frequency range 87-108 MHz 
Input noise floor (B=180 kHz) 1 pV 
Maximum linear input level 100 mV 
IMFDR, > 70 dB 
Intermediate frequency 160 MHz 
IF filter SAW (coupled) resonator 

or transversal filter 
LO frequency range 247-268 MHz 

Figure 2: Cross-section (not to scale) of a monolithically in- 
tegrated SAW device with a bipolar transistor 

3 Silicon-integrated SAW filters 
The monolithic integration of SAW devices is possible by us- 
ing a ZnO-SiOz-Si layered structure, as shown in Fig.2. The 
piezoelectric ZnO layer enables the generation and detec- 
tion of surface acoustic waves by using aluminum interdigi- 
tal input and output transducers, located at the ZnO-Si02 
interface. In this layered structure higher order Rayleigh- 
wave modes exist; the piezoelectric coupling and the group 
and phase velocity depend on the normalized ZnO and Si02 
layer thicknesses [6]. The normalized layer thickness kh is 

the product of wave number k and thickness h and is thus a 
dimensionless design parameter. The conductivity of the sili- 
con substrate can be considered infinite at the SAW filter op- 
erating frequencies [7]. A surface acoustic wave propagation 
with negligible dispersion and a high piezoelectric coupling 
is obtained for k h ( Z n 0 ) ~ 3  and kh(SiOz)?l. For these layer 
thicknesses third and higher order Rayleigh-wave modes are 
absent or negligible. The aluminum layer thickness must be 
thick enough to  avoid ohmic losses, typical thicknesses are 
0.1-0.5 pm. 

DUMMY E L E C T R O D E  

APODIZED f DOUBLE-ELECTRODE) INTERDIGITAL TRANSDUCER 

Figure 3: A SAW transversal filter with source and load 
Once these layer thicknesses are chosen, the desired SAW 

device transfer function is obtained by designing an alu- 
minum electrode structure. A SAW delay line consists of 
two interdigital transducers with electrodes all of the same 
length. An implementation of the theoretical transversal fil- 
ter concept [8] is obtained by apodization of one of the in- 
terdigital transducers, i.e. by varying the mutual overlap 
between the electrodes (Fig.3). The dummy electrodes pre- 
vent differences in phase velocity between metalized and non- 
metalized regions of the surface, thus minimizing group delay 
variations. Double-electrode transducers are preferred to re- 
duce the effect of acoustic wave reflections at the electrodes. 
The amplitude and phase responses can be independently de- 
signed. For band-pass filters with a narrow band the SAW 
resonator filter, in which two reflectors at both ends of the 
acoustic wave path form a resonant cavity, is more suited 
[9]. The amplitude response consists of a resonance peak, 
superposed on the ordinary SAW delay line response. The 
equivalent circuit model for frequencies near the resonator 
center frequency consists of a series RLC connection [lo]. 

To determine the optimum source and load of the SAW 
transversal filter or SAW delay line (which can be consid- 
ered as an elementary transversal filter) it should be realized 
that this filter is used in a system where a well-defined signal 
transfer is desired (instead of an optimum power transfer). 
The source voltage U, in Fig.3 generates two surface acoustic 
waves: 4; and 4:. These surface acoustic waves travel in the 
acoustic medium, an acoustic transmission line with charac- 
teristic impedance 2,. The acoustic wave 4: arrives at the 
output IDT and has changed in phase and in amplitude. It 
induces a current in the output IDT. The conversions are 
given by [9]: 
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where pI(f) and pZ(f) denote the Fourier transform of the 
impulse response of each IDT. To avoid reflections the impedance 
connected to both IDTs should form a short-circuit for a by- 
passing acoustic wave. For the input IDT this means that a 
voltage source must drive the IDT. The output IDT should 
be loaded by an amplifier with a low input impedance, such 

Figure 4: The equivalent circuit model 

as a transimpedance amplifier or a current amplifier. In 
this case the optimum signal transfer is obtained. In Fig.4 
the equivalent circuit model for the SAW transversal filter is 
shown. The model is valid as long as the source impedance 
(including the effect of C l )  is much smaller than YI(f) and 
as long as the load impedance (including the effect of Cz) 
is much smaller than x(f). The capacitances C1 and Cz 
are the electrode-to-electrode static capacitances of the IDT. 
The real parts of the frequency dependent admittances Yl(f) 
and &(f) can be interpreted as radiation conductances and 
represent conversion of electric power to acoustic power [I l l .  
Only within the pass-band of the filter and for a large num- 
ber of finger-pairs (>loo)  do these admittances contribute 
significantly compared with the admittance formed by the 
capacitances. The transconductance Glz(f) = 1[/iYg around 
fo can be approximated by: 

where G(f , )  denotes the transconductance at f = fo. The 
gate function n(f) is the Fourier transform of the impulse 
response of the apodized IDT. The effects of truncation of 
the impulse response (due to the finite transducer length ) 
are neglected.n(f)is 1 for fo - v,/L, < f < fo + v,/Li 
and 0 elsewhere. The function sinc(f) = s in ( r f ) / ( r f )  is 
the Fourier transform of the impulse response of the uni- 
form IDT. The transconductance C ( f o )  can be maximized 
by chosing a large aperture a ,  however this increases input 
and output admittances. A compromise must therefore be 
sought for the aperture. The group delay of the transconduc- 
tance is constant, since the dispersion in the phase velocity 
is negligible. These SAW transversal filters are therefore ex- 
cellently suited for low-distortion filtering in an FM receiver. 

From equation 3 the minimum length of the apodized IDT 
can be estimated: L1 = 2 . v,/B where B represents the 
bandwidth at  the stopband level. The -3 dB bandwidth can 
be maximally two times smaller than B. For a 180 kHz -3 
dB bandwidth and a SAW propagation velocity of 2800 m/s 
the IDT should have a minimum length of 14 mm. 

4 Technology 
To fabricate bipolar electronic circuitry with on-chip SAW 
filters the IC processing must be slightly modified. Here the 
basis is the Delft high-frequency BIFET process [12), but 
most other comparable processes would be equally suitable. 

In order to generate pure Rayleigh-wave modes the SAW 
device must be aligned with the silicon crystal orientation 
(via the flat of the wafer). As explained in the prevous sec- 
tion, an extra thick silicon dioxide layer in the SAW device 
is necessary for obtaining an optimum device performance. 
Since this layer is thermally grown at  high temperature, it 
is fabricated directly after the completion of the buried layer 
and the epitaxial layer, but before any critical diffusion or 
implantation steps. The thick silicon dioxide is etched away 
in regions where electronic circuitry is to be implemented. 
The following processing steps defining the electronic cir- 
cuitry arc described in [la]. The metallization is fabricated 
in two steps: a thick aluminum-silicon interconnect for the 
electronic circuitry and a thin aluminum layer for fabricat- 
ing the electrode structure of the SAW device. This layer 
must be as thin as possible to minimize unwanted reflections 
of the acoustic wave. If these reflections are acceptable one 
aluminum layer thickness is possible. The final processing 
step is the deposition of the ZnO layer by DC magnetron 
sputtering. 

5 Experimental results for SAW devices 
.4s an example of the feasibilityof the monolithic integration 
of SAW devices with high-frequency electronic circuitry, a 
bipolar switching mixer, a balanced transimpedance ampli- 
fier and at  present a SAW delay-line (center frequency 100 
MHz) have been integrated on the same chip. The mixer and 
transimpedance amplifier will be treated in the next section. 
A photograph of the IO *10 mm chip is shown in Fig.5. Mea- 
surements on the process control modules integrated on the 
chip, show that the modifications of the BIFET process have 
no significant influence on the process. 

~~ 

Figure 5: Photograph of the chip(ELIS552) 
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SAY T ANSY R S h L l F l L T  IN lLiC N 

In the design of the SAW delay-line speciai attention is 
paid to suppress the electromagnetic feedthrough between 
input and output transducers. In the case where the SAW 
delay-line is driven by a balanced voltage and loaded with 
a differential short circuit, the largest ultimate out-of-band 
rejection is obtained [13]. The transconductance in the 100 
MHz passband amounts to approximately 0.6 mA/V. Figure 
6 shows the SAW delay-line sinc frequency response corre- 
sponding to the first and second order Rayleigh-wave modes. 
The spurious responses in an FM receiver caused by this 
second Rayleigh-wave mode can be minimized by choosing 
the proper intermediate frequency, which has been done by 
choosine 160 MHz as intermediate frequency. The electro- 
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Figure 6: The SAW delay-line transconductance 

magnetic feedthrough between input and output transducers 
increases with frequency, but is adequately suppressed (60 
dB below the SAW response at 100 MHz). 

In Fig.7 the third-order intermodulation distortion of the 
SAW delay line is shown. Two signals with equal amplitude 
(1.2 Vel,) have been applied to  the large IDT (100 finger 
pairs). The intermodulation components at 100.7 and 101.3 
MHz are about 70 dB lower. When the small IDT is chosen, 
the intermodulation is less. Noise measurements performed 
on this delay-line have shown that the noise generated by the 
delay-line amounts to less then lpV (referred to the input) 
in a 180 kHz band at 101 MHz. From these measurements it 
can be concluded that the dynamic range of the SAW device 
is at least 130 dB, while the third-order intermodulation-free 
dynamic range amounts to at least 105 dB (B=180 kHz). 

The center frequency of the sinc frequency response has a 
linear drift with temperature at a rate of 15 ppm/K over the 
-40°C to +80"C temperature range. 

This SAW delay-line has been taken as a starting point for 
the design of the electronic circuitry and optimization of the 
complete system with respect to noise, dynamic range and 
intermodulation distortion (section 6). 
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Figure 7: The third-order intermodulation 
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Figure 8: The amplitude response and group delay 
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6 Realized electronic circuitry 
From Fig.1 it is clear that the local oscillator should be tun- 
able from 247 to 268 MHz. Current investigations at the 
Delft University of Technology show that a fully integrated 
oscillator in the form of a regenerative oscillator with an 
acceptable phasenoise performance is feasible. It will be 
described elsewhere. 

The input amplifier has to terminate the band-pass filter at  
the input, without introducing too much noise. The amplifier 
must drive the mixer with a current. A new type of amplifier, 
employing two negative feedback loops was realized in the 
Delft high-frequency BIFET process [5]. Fig.9 shows the 
circuit diagram. By using a balanced structure two negative- 
feedback loops are employed to achieve a linear, low-noise 
input impedance of 350 ohm. The equivalent noise voltage 
at the input amounts to 1 pV in a 180 kHz bandwidth at  100 
MHz. The amplifier bandwidth is 125 MHz. The dynamic 
and third-order intermodulation-free dynamic range amount 
to 99 and 74 dB respectively. 

I I o+ 

Figure 9: The dual-loop amplifier 
In Fig.10 the input filter is sketched. The center frequency 

of this band-pass filter is 92.5. MHz. The -3 dB bandwidth 
is 25 MHz. Frequencies up to 30 MHz are 40 dB attenuated. 
The image frequency band at  400 MHz is 50 dB attenuated. 
Frequencies up to 1.8 GHz are at  least 50 dB attenuated. 

In Fig.11 the circuit diagram of the bipolar switching mixer 
is sketched. At present two CB stages are used to prevent 
bonding pad and pin capacitances from loading the emit- 
ters of the switching differential pairs. A limiter is used 
between the mixer and local oscillator to prevent interac- 
tion, like "pulling", between the mixer signals and the oscil- 
lator signal. Furthermore, the limiter switches the mixer as 
fast as possible, thereby minimizing noise and distortion of 
the mixer circuit [lo], [4]. Measurements performed on this 
bipolar switching mixer circuit show a dynamic range and 
a third-order intermodulation-free dynamic range exceeding 
that of the input amplifier 

In Fig.12 the circuit diagram of the transimpedance am- 
plifier (amp.2) is sketched. The active part of the tran- 
simpedance amplifier consists of a differential pair followed 
by two emitter followers. The two 520 ohm resistors de- 
termine the transfer. The DC output current of the mixer 
is used as a bias current for the output stages of the tran- 

to 

a rk - - - -  

1 1 1  
Figure 10: The input LC filter 

simpedance amplifier thereby minimizing power consump- 
tion. Dependent on the final SAW IF filter configuration 
the transfer of the transimpedance amplifier must undergo 
a minor change to get the proper gain distribution over the 
front-end. Measurements show a dynamic range and a third- 
order intermodulation-free dynamic range exceeding that of 
the input amplifier. 

+ Q p IF out Q 

b w i n  b 
bias o:i_s 

Figure 11: The bipolar switching mixer 

QAo- 
Figure 12: The transimpedance amplifier 
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7 Discussion and conclusions [3] A. Venema, "Transduction and propagation of surface 
acoustic waves in three-layered media with an electri- 

The feasibilityof a monolithic integration of SAW filters with cally conductive substrate", Ph.D. Thesis, Delft Univer- 
high-frequency electronic circuitry has been demonstrated. sity of Technology, Delft, The Netherlands, Nov. 1980. 

The influence of surface acoustic waves on the electronic [4] H.C. Nauta, "Fundamental aspects and design of mono- 
circuiitry was too small to be measured. The effect of the lithically integrated AM radio receivers", Ph.D. Thesis, 
extra ZnO layer op top of the electronic circuitry can be ne- Delft University of Technology, Delft, The Netherlands, 
glected in most applications. However, in high gain circuitry Feb. 1986. 
the relative permittivity of ZnO (about 10) might cause un- [5] P.T.M. van Zeijl, "A new high-performance dual-loop 
desirable feedback paths. This parasitic feedback can be amplifier", Proceedings of the Fourteenth European 
eliminated by etching the ZnO away from the electronic cir- Solid-Sate Circuits Conference, UMIST, Manchester, 
cuitry. UK, Sept. 1988, pp.150-153. 

The measured distortion and noise of the SAW delay-line [6] A. Venema, "Transduction and propagation of surface 
can be neglected in most applications. The electromagnetic acoustic waves in three-layered media with an electri- 
feedthrough can be adequately suppressed by the proper lay- cally conductive substrate", Ph.D. Thesis, Delft Univer- 
out and placement of the interdigital transducers. The effect sity of Technology, Delft, The Netherlands, Nov. 1980. 
of the second order Rayleigh-wave mode, present in multi- [7] J.H. Visser and A. Venema, "A computational tech- 
layered structures, can be minimized by chosing the proper nique t o  determine the amplification of Rayleigh-wave 
intermediate frequency. The modeling of SAW devices for modes in multilayered structures", Proceedings of the 
optimum signal transfer, essentially different from the usual IEEE Ultrasonics Symposium, pp.463-468, Williams- 
power matching approach, has been presented. burg 1986. 

An FM front-end was designed to be able to test the appli- [8] H.E. Kallmann, "Transversal filters", Proceedings of the 
cation of SAW filters in a receiver architecture. Two types I.R.E., Vol. 28, pp.302-310, July 1940. 
of filters can be applied : SAW transversal filters or SAW [9] S. Datta, "Surface acoustic wave devices", Prentice- 
(coupled) resonator filters. SAW transversal filters have a Hall, Englewood Cliffs, New Jersey, 1986. 
constant group delay, so the audio signal does not get dis- [lo] J.W.Th. Eikenbroek, " Development of an integrated 
torted. However, for a 180 kHz bandwidth this device is AM shortwave upconversion receiver front-end", Ph.D. 
very 1ongQlO mm). Preliminary calculations on coupled Thesis, Delft University of Technology, Delft, The 
resonators with the desired 180 kHz bandwidth show dimen- Netherlands, Mar. 1989. 
sions in the order of 1.5 by 6 nun. Variation in group delay [ll] W.R. Smith, H.M. Gerard, J.H. Collins T.M. Reeder 
is in this case comparable with ceramic filters. Either the and H.J. Shaw, "Analysis of interdigital surface-wave 
SAW transversal filters or resonator will use a substantial transducers by use of an equivalent circuit model". 
part of the chip surface. Amplifiers were designed to have IEEE Transactions on Microwave Theory and Tech- 
an optimum signal transfer and noise optimization. The re- niques, Vol. MTT-17, pp.856-864, 1969. 
sulting front-end has a dynamic range in the order of 100 [12] L.K. Nanver, "High-performance BIFET process for 
dB. The third-order intermodulation-free dynamic range is analog integrated circuits", Ph.D. Thesis, Delft Univer- 
in the order of 70 dB. Image and spurious responses are at sity of Technology, Delft, The Netherlands, Oct. 1987. 
least 40 dB suppressed with a simple fourth-order non-tuned [13] J.C. Haartsen, "Analysis and design of surface acoustic 
band-pass filter. wave delay-lines applied in oscillators", Master's Thesis, 

Delft University of Technology, Delft, The Netherlands, 

[I41 E.H. Nordholt, "The design Of high-performance 
negative-feedback amplifiers", Amsterdam: Elsevier, 
1983. 
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