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RF industry insight
New Services Overhead

By Andy Kellett
Technical Editor

Makers of RF equipment for satellite
systems have their choice of mar-
kets to which they can sell. Large geo-
synchronous satellites are still being
built to satisfy the needs of regions
which are striving to connect to the rest
of the worldwide telecommunications
network. Low Earth Orbit (LEO) systems
such as Motorola’s Iridium will connect
individual users’ voice and data traffic to
the tetecommunications net from any-
where in the world. Direct Broadcast
Satellite (DBS) is already an established
provider of television programming in
Europe, Asia and South America, and is
about to be launched in the U.S. In addi-
tion to these communications systems,
NAVSTAR Global Positioning Service
(GPS) is emerging as a widely used util-
ity. Military systems, (of which GPS is
one) are also an important part of
today’s satellite electronics market.

Satellite Services

Geosynchronous satellites, and their
associated ground station equipment,
continue to be a large part of the satel-
lite communications market. According
to David Hartshorn, editor of Satellite
Communications magazine, there is
pent up demand for connection to the
rest of the worldwide communications
network in places like Eastern Europe,
Asia, Latin America, and the Middle
East. “These countries know that do-
mestic and international connectivity
drive hard currency earnings, so they
are trying to accelerate their entry to the
global marketplace by getting sateliites
up as fast as they can or by accessing
existing orbital capacity.” Keith Morrison,
Regional Sales Manager for Trak Mi-
crowave noted that not only do they sell
oscillators, isolators, circulators and mul-
tipliers into new Asian and Eastern Eu-
ropean satellites, they are also selling
parts for next generation satellites in es-
tablished systems like Inteisat and In-
marsat.

Another service which primarily em-
ploys geosynchronous satellites is DBS.
Virtually unknown to consumers in the
U.S., DBS is established in Europe, Asia
and South America, and is probably the
biggest market for manufacturers of
satellite communications equipment.
DBS transmits television programming
to earth stations in the Ku band. The
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higher frequency allows DBS receivers
to use antennas a only few feet across.
“We sell a large number of components
into DBS terminals,” notes Gary LaBelle,
Product Marketing Manager for Wireless
Components at Hewlett-Packard Co.
According to Satellite Communication’s
Hartshorn, the first high-power, U.S.
consumer version of this service will
debut next year.

In addition to DBS, other satellite sys-
tems are trying to find a market in the
United Sates. The U.S. is well covered
by wired and cellular telecommunica-
tions, but where these systems leave
gaps, satellite services are vying to fill
in. For this type of service, many com-
panies are planning to employ LEO
satellites. These satellites are smaller
and less expensive than geosynchro-
nous types. Mostly deployed in “constel-
lations” of a dozen or more spacecraft,
LEO satellites are placed in polar orbit
so that several satellites are constantly
visible to receivers on earth. The 66
LEO satellites belonging to Motorola’s
Iridium constellation are planned to pro-
vide voice and data communication any-
where on earth. Scientific Atlanta, as
part of the group producing Iridium, will
supply gateway terminals along with
telemetry, tracking and control termi-
nals. “Iridium is truly a revolutionary con-
cept in the satellite communications
area,” says Theodore R. Wieber Jr.,
President of the Electronic Systems Di-
vision of Scientific Atlanta. “It brings
what is traditionally NASA and DoD
types of technology, namely orbiting
rather than geosynchronous technology,
to a commercial communications appli-
cation.”

Now that smaller, rapidly developing
conflicts are the main concern of the
U.S. military, real-time intelligence is
more important than ever to U.S. tactical
forces. “The military is still a major play-
er in the satellite business,” says Roger
Lesser, Editor of Defense Electronics
magazine. According to Lesser, the re-
tirement of older reconnaissance aircraft
like the SR-71 Blackbird has put more of
the intelligence gathering burden on
satellite systems. In addition to recon-
naissance, the military also has a need
for communication satellites. Modern
weaponry produces torrents of data. In
some instances, satellites are used to

relay this data from the battlefield to the
command center. Many of these military
satellites are now being designed to pro-
vide civilian services also; these pro-
grams are said to have “dual-use”.

The prototypical example of a dual-
use system is NAVSTAR GPS. From its
inception in the mid 1970’s, GPS was in-
tended to be a military system which af-
forded some use by civilians. Today,
GPS is viewed as a utility. Using differ-
ential GPS it is even possible to attain
military accuracies (less than 1 meter)
with the civilian, C/A coded signal.
Users can calculate their own differential
GPS fix, or they can use Pinpoint, a
Magnavox project which transmits GPS
corrections over local FM radio broad-
cast subcarriers. In addition to its use as
a navigational and surveying tool, GPS
is finding use as a time base.

Satellite Technology

Satellite systems are touched by most
of the same technological advances that
are affecting the rest of the RF industry.
Digital transmission and digital signal
processing are the norm across the
satellite industry. Among the most
important processing for satellite users
is video compression using the MPEG
and JPEG standards. Video compres-
sion under these standards provides
three times or more the traffic capability
of uncompressed video. Higher integra-
tion is bringing the cost of compiex sys-
tems down. GEC Plessey is one of a
few companies producing chipsets for
GPS receivers. Their four chip set in-
cludes a SAW filter, downconverter, au-
tocorrelator and processor. According to
Dan Sowin, Plessey’'s Marketing Manag-
er for Navigation Systems, “Now it is a
matter of reducing GPS receiver size,
power consumption and cost. | think
through high integration technologies
like these we have the answer to those
issues.”

Once the province of governmental
and semi-governmental agencies, satel-
lite systems are entering a new era in
which market forces can demand new
systems and technology can supply
them at an affordable price. RF
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Improved Design Equations for Part
15/ISM Microstrip Bandpass Filters

By Theodore S. Rappaport and Alan S. Fox

Virginia Polytechnic Institute and State University

It is well known that microstrip trans-
mission line coupling can provide reli-
able and inexpensive filtering at mi-
crowave frequencies (1,2,3). As fiber
optic communications and personal
wireless communications systems
evolve, microstrip filters designed on a
wide variety of dielectric materials and
board thicknesses will be required in mi-
crowave sub-carrier transmission equip-
ment (4) and pocket-sized two-way
radio equipment (5).

In this work, the basic equations and
techniques for designing microstrip fil-
ters were extracted from the published
literature (1-3, 6-15) and implemented in
a design procedure. Approximately 100
filters within the 900 MHz to 5800 MHz
range were designed and constructed
from published equations using different
substrate thicknesses and ¢, values. We
found that the measured responses of
these filters consistently showed errors
in center frequency when a variety of
substrate thicknesses or g, values were
used. These errors have led us to at-
tempt to relate theoretical design tech-
niques to experimental results. The
large data base of measured filter re-
sponses was analyzed using regression
techniques to find qualitative relation-
ships between center frequency error
and numerous design parameters. The
data indicate that a correction factor for
the length of microstrip resonators is
needed, and that this length correction
is a function of both center frequency
and substrate thickness. From this work,
we propose that the well accepted mi-
crostrip bandpass filter design equations
given previously in References such as
(2,3,10,11 and 14) include a modified
length correction factor to facilitate more
accurate microstrip filter design for a
wide variety of microstrip filters. While
this experimental study has concentrat-
ed on a relatively small class of filters
(i.e. Butterworth filters having fewer than
six poles, designed on inexpensive sub-
strates for use in the low microwave re-
gion), it offers insight into the design and
error analysis of microstrip filters in gen-
eral, and may have applications to fu-
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ture edge correction techniques.

Microstrip Bandpass Filter
Design

The filter design method for microstrip
filters studied in this paper uses a
lumped-element, lowpass prototype
technique to derive the necessary band-
pass transmission characteristics for a
Butterworth (maximally flat) filter. A
mathematical mapping is made between
the transmission characteristics of the
desired bandpass response and those
of the lowpass prototype (3). The low-
pass prototype parameters are lumped
element values (capacitances and in-
ductances). These capacitances and in-
ductances are paired and act as res-
onators. The prototype parameters are
then converted to inverter parameters,
which are then converted to mode im-
pedances. The mode impedances are
used to determine the dimensions of the
filter resonator pairs. We used published
techniques from (2,3 and 10) to explicitly
compute the mode impedances for a
wide variety of filters using different g,
values, thicknesses, and frequencies in
the low microwave region. Then, an iter-
ative method described in (16) was used
to find appropriate design dimensions.
Length and width corrections were then
determined for the resonator segments
by measuring the tuning needed to
eventually provide the desired center
frequency response.

Length Correction Factors

The length of the resonator pair seg-
ments, L,, are theoretically one quarter
wavelength long at the center frequency
of the filter. The wavelength used in this
calculation is that found by using the fre-
quency dependent effective dielectric
constant. That is,

A
L =2 -—° (1)
4 ey

In practice, the actual length of each
resonator is not exactly a quarter-wave-
length, due to electrical lengthening of
the resonator by fringe capacitance. Au-
thors have proposed length correction

factors to predict the necessary length
subtraction at the end of each resonator
segment in microstrip filter designs. The
adjustment of the resonator length af-
fects the resonant frequency of the res-
onator, and therefore, the center fre-
quency of the filter.

A correction factor cited in (3) and (12)
accounts for fringing capacitance at the
ends of each resonator. This correction
factor, d, is only a function of the sub-
strate thickness, and is given by,

d=-0.165h @)

That is, for a specific center frequen-
¢y, equation 2 suggests microstrip filters
should use resonator segments with L, =
Agf4 + d = hy/4 — 0.165h. However, as
described in ?12), equation 2 was exper-
imentally justified by the measured re-
sponse of just one stripline filter (10).
Stripline is similar to microstrip, except
the substrate and ground plane sand-
wich the resonators. Experimental re-
sults published in (13) give a correction
factor for microstrip filters as

d =-0.33h @)

which is exactly twice the value of equa-
tion 2. It is not clear from (13) how many
filter responses, substrate thicknesses
or center frequencies were used to de-
termine the experimentally based cor-
rection factor in equation 3.
Unfortunately, in previous work deal-
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Figure 1. S,, (return loss) of filter
2440200A. Measured center fre-
quency is about 4 percent higher
than the desired 2440 MHz center
frequency.
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correction is a function of both substrate
thickness and desired center frequency.
Other measured parameters, such as
stopband attenuation and passband
bandwidth, agree closely with design
specifications.

The need for a length correction factor
which holds for a broad family of filters
became evident from the actual re-
sponses of a large number of filters de-
veloped using methods described in the
literature. Our filter data base involved a
large number of filter responses made
with a wide variety of resonator lengths
and substrates which have permittivities
differing by over a factor of two. From
the wide range of measured center fre-
quencies for the filters, we found that
the actual center frequencies of the fil-
ters ranged between -5 percent and 5
percent of the desired design frequency
(16). Thus, we strived to develop an ac-
curate length correction factor which
could be represented as a percentage of
the uncorrected resonator segment
length (i.e. A,/4) for the wide range of
frequencies, permittivities, and substrate
thicknesses used in our work.

A set of sixty filters was built using
resonator lengths of L, = A,/4 with no
resonator length correction factor. From
the resulting measured filter responses,
scatter plots were made using percent-
age center frequency error or percent-
age resonator length error as the depen-
dent variable, and the following filter pa-
rameters were each considered as the
independent variable: center frequency,
3 dB bandwidth, percentage bandwidth,
number of poles, dielectric constant, and
substrate thickness. From these scatter
plots, it was possible to see which filter
design parameters were most acutely
affected (i.e. were highly correlated with)
center frequency error. Linear regres-
sion analysis (20) was used to statisti-
cally analyze and quantize the results of
the new set of filter responses in order
to determine how the length correction
factor is affected by various design pa-
rameters. Some design parameters,
such as the specified stop band attenua-
tion and stop band frequency, were im-
plicitly accounted for by the number of
poles. The conductor thickness had a
negligible effect on design dimensions,
and was therefore not considered. Loss
tangent and conductor conductivity were
used only in the calculation of theoreti-
cal insertion loss, and were not consid-
ered as causes for center frequency
error. Details of the various analyses are
given in (16). For brevity, only the impor-
tant results are given here.
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Enhanced Resonator Length

Correction Factor

Linear regression analysis for one in-
dependent variable was used to find
correlations between the dependent
variable and the above mentioned filter
design parameters. The correlation co-
efficient, r, is an estimate of how well the
given data is approximated by the re-
gression curve, and is defined in (20).
For each scatter plot, two graphs were
made: one with data points correspond-
ing to the center frequencies and dielec-
tric constants, and one with data points
corresponding to the filter bandwidths.

These plots allowed us to quickly de-
termine if the independent variable had
a significant effect on the center fre-
quency accuracy. We used percentage
differences, rather than absolute differ-
ences, so the operating wavelength or
frequency did not bias the error statis-
tics. Examples of such plots are given in
Figures 3 and 4. The linear regression
equation coefficients and the correlation
coefficient for Figures 3 and 4 are given
in Table 1. The far right column of Table
1 represents the correlation coefficient
between the filter parameters in
columns X and Y. A, and A, denote co-
efficients for the best-fit line through the
scatter plots, and Y is the dependent
variable which depends on the indepen-
dent design parameter X under test.

Previous work has produced length
correction factors which are dependent
solely on substrate thickness. Our data
confirms that the length correction in-
deed depends on substrate thickness.
Table 1 shows there is a high correlation
(0.72 < r < 0.89) between %AL,, which
we call the percent error in resonator
segment length defined as the percent
difference between the uncorrected res-
onator length and the actual corrected
resonator length needed to provide the
desired center frequency response) and
T (the substrate thickness). The correla-
tion coefficient decreases slightly to 0.62
when all filter responses are lumped to-
gether without regard for center frequen-
cy. The scatter plot in Figure 3 shows
the relationship of substrate thickness to
resonator length error. It can be seen
that for smaller values of T, the uncor-
rected length is consistently too large,
and that this error is largest at the lower
frequencies. For filters buiit on T = 100
mil substrates, however, the error has
zero mean, and for the highest frequen-
cy tested (5790 MHz), it appears that
resonator length must be increased over
the uncorrected length.

Our data also show that there is a

high correlation between %AL, and the
operating frequency F, as indicated by
Figure 4 and the correlation coefficient
value of 0.61 in Table 1. Figure 4 shows
that over a wide range of passband
bandwidths (i.e. number of poles), there
is a higher spread of resonator length
error at higher frequencies. Figure 4
also shows how the average resonator
length error is a strong function of the
center frequency. Thus, we conclude
that both thickness and the center fre-
quency should be included in a res-
onator length correction factor. In (16),
we show that %AL, is also weakly affect-
ed by passband bandwidth, as well. This
can be seen from Table 1, where the
percentage bandwidth of the filters show
a correlation of 0.17 with the resonator
length correction factor needed for prop-
er center frequency operation.

Having determined that correction fac-
tors are highly correlated (r>0.5) with
both substrate height (T) and frequency
(F), we use dual variable linear regres-
sion to determine the best linear fit for
the data base. The dependent variable
was %AL,, and the independent vari-
ables were substrate height and desired
center frequency. From (16), the best
(minimum mean square error) resonator
design fength was found to be

L, = (hg/4)1 - %aL, /100]

r

C
= —~=  [1- %AL /100] (5
4 f eeﬁ(f)[ ' ] ®

where the correction factor %AL, is
given by

%AL, = (-18352x10°%)f
+ (—1.6146><1o-1)h + 22.627. (6)

and f, is the desired center frequency in
MHz and h is the substrate thickness in
mils. The dual-variable normalized cor-
relation coefficient for equation 6, which
was found using the entire data base of
filter responses, is r = 0.75, which is 25
percent higher than the correlation coef-
ficient calculated for the single variable
linear regression performed on either
the center frequency or substrate thick-
ness alone. This high value of correla-
tion confirms that the correction factor is
a function of both center frequency and
substrate thickness. The standard error
of estimate is on the order of 2 percent
for the dual variable regression result in
equation 6, compared with approximate-
ly 9 percent for each of the single vari-
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Limits of Range Calculations

By Bernard Kasmir
Alarm Device Manufacturing Co.

In evaluating the performance of a
radio system, it is desirable to calculate
theoretical performance, and then to
measure performance to verify the theo-
retical values. Operating range, or dis-
tance of reliable communications is an
important parameter. For Part 15 com-
munications systems, usually operating
in indoor conditions, we would find that
the measured operating range is signifi-
cantly poorer than the theoretical val-
ues.

he theoretical range is calculated by
the path loss equation:

PPL = 20 log(F)
+20log(S) - G1-G2-27.6 (1)

Where, F = frequency in MHz, S = dis-
tance in meters, and G1,G2 = antenna
gains of the transmitter and receiver (in
dB).

Knowing the allowable path loss, the
range “S” is calculated. This is calculat-
ed on the basis of path attenuation fol-
lowing a 20 dB/decade slope. This as-
sumption is true with sufficient antenna
height. However, at short distances
above ground, studies (1) have found
that the attenuation slope may be con-
siderably greater.

In this study, a line-of-sight equation
consists of a piecewise linear model
where the slope starts off at 20
dB/decade until it hits a break point.
Hereafter the slope becomes 40
dB/decade. The equations for this modei
are:

L _L +20log(d/R,), d < Ry 2)
uT =b 4 40 log(d/Ry), d > R,
L oL +25log(d/R,), d<Ry
1= 56 4 20 + 40 log(d/Ry), d > Ry

Rb=4hbhm/7\'

L,= abs(20 log((A%)/8nhyh,,))

Where:

h,=height of transmitting antenna
h,,=height of receiving antenna
d=distance in meters
A=wavelength in meters
R,=breakpoint in the bound
L,=upper bound

L;=lower bound
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In addition, a discontinuity or blockage
of the signal path not only produces a
step in signal level, but the attenuation
slope beyond this point becomes steep-
er.

Figure 1 shows expected path attenu-
ations both for equation 1 and equation
2. Equation 1’s path attenuation starts
and remains at 20dB/decade. Equation
2’s path attenuation is 20 dB/decade
until a break point (in this example, 100
feet). The slope then becomes 40
dB/decade until the signal encounters a
blockage (in this example, 10 dB).
Thereafter, the attenuation continues at
a slope of 60 dB/decade. Discontinuities
can occur at any distance. One or more
discontinuities occur in an indoor instal-
lation.

The break point, R,, is dependent
upon frequency and height of transmitter
and receiver antennas. For conve-
nience, only the upper bound of equa-
tion 2 is shown on the curve. From this
equation, note that the lower bound
starts with 20 dB more attenuation and
follows a 25 dB/decade curve until the
break point.

Table 1 shows some typical attenua-
tions caused by various structural mem-
bers. The actual signal attenuation is
usually considerably more than the the-
oretical 20 dB/decade. By using the
chart of Figure 1 as a template, a sys-
tem’s performance can be evaluated
and compared to the theoretical values.

A numerical example would be useful:

The foliowing parameters are given:
Transmitter power =100 mW
Transmitter antenna gain = 1*

Receiver sensitivity =-110 dBm
Receiver antenna gain =1*
Frequency =915 MHz

*-isotropic for this example.

The transmitter field intensity is

E = \/SgPG 3)
Where P = transmitter power
G = antenna gain (1 for this ex-

ample)
S = distance measured (usually
3 meters)

Using these numbers, the field intensi-
ty at 3 meters is: sqrt(30 x 0.1 x 1) x
1x108/3 = 577,305 uV/m.

For the receiver, —110 dBm sensitivity
is 0.69 uV into 50 ohms. The antenna
factor is:

AF (numerically) = 9.75/ A/G) 4)

Where G is antenna gain and A =
300/frequency in MHz. For this example,
the antenna factor = 29.7. Therefore, the
receiver sensitivity = 50 ohms sensitivity
x antenna factor = 20.49 uV/m.

Using linear interpolation, the field in-
tensity at any distance from a field
source can be calculated by multiplying
the field intensity at a defined point by
the ratio: (source to defined-point dis-
tance/source to desired-point distance).

If we have a field intensity of 577,305
uV/meter at 3 meters, and the receiver
sensitivity is about 20.5 uV/m, then the
range would be: 577,305 x 3/ 20.5 =
84,431 meters, or 277,000 feet, or 52.4
miles. In this example, the maximum at-
tenuation from an anchor point of 10
feet, (about 3 meters), would be 20
log(577,305/20.5)=89 dB. The following
graphs have normalized path attenua-
tion over a range of 85 dB. By scaling
the Y axis to the path loss value of 88.5
dB (85 for convenience), we can look at
the measured value at any distance and

Structure
a) Through window in brick wall
b) Through metal frame in glass wall

d) Through office wall

e) Through metal door in office wall
f) Through cinderblock wall

g) Through metal door in brick wall

¢) Through metal frame, glass wall into bldg

h) Through brick wall next to metal door

Attenuation
2dB

0dB

6 dB

6 dB

6 dB

4 dB

12.4 dB
3dB

Table 1. Attenuations caused by typical structures.
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compare that with the theoretical 20
dB/decade attenuation slope.

It the desired range of this system
were 500 feet, from Figure 1, the signal
margin at 20 dB/decade would be about
49 dB. This means that the signal level
is 49 dB higher than the minimum signal
level for detection. At 40 dB/decade, the
signal margin would be 38 dB, and at 60
dB/decade, the signal margin would be
23 dB.

This signal margin can be related to
systems reliability. According to the
Rayleigh probability distribution model,
reliability in terms of signal margin can
be expressed as follows:

Margin Reliability
0 50%

20 90%

30 99.9%

40 99.99%

Figure 2 shows the actual path attenu-
ation measured between two buildings.
Measurements were made at different
locations, not necessarily in a straight
line. As a result, the curve has some
perturbations. Basically, the curve initial-
ly follows 40 dB/decade, then becomes
20 dB/decade. After encountering block-
ages in the signal path, the curve finally
follows a 60 dB/decade slope. At 500
feet, signal margin is 10 dB.

Figure 3 shows path attenuation at an-
other industrial site. This time, measure-
ments were essentially made in a straight
line. Measurements were made from the
inside of one building, down the street

ced Psth Attenuation
A b
on (&)
T T

|
[3)]
far

1
o
&

Nemrall

P

60

10 168 1608
Distance in Feet

!
©
a

18020

Figure 1. Plot of attenuation vs.
distance for equations 1 and 2,
with arbitrary breakpoints insert-
ed in equation 2.

and into the inside of a second building.
Again, the attenuation initially follows
about 40 dB/decade. Upon entering the
second building (at a distance roughly of
400 feet), the attenuation curve exceeds
the 60 dB/decade slope. At 500 feet, the
signal margin is about 22 dB.

In practice, it is difficult to predict
break points and attenuation slopes.
Each site must be surveyed to deter-
mine if there is sufficient signal margin
at the desired distance.

One could measure range simply by
separating the transmitter and receiver
until the receiver no longer decodes (or
some defined bit error rate is reached).
This may be useful in comparing two dif-
ferent systems. If the two systems have
identical measurment conditions and
performance criteria, then the system
with the greatest measured distance
may be considered the better system.

However, to simply walk out the sys-
tem until there is no more communica-
tion yields little useful information on the

system’s performance at any intermedi-
ate position. A “go/no-go” test for maxi-
mum distance tells nothing of perfor-
mance in the range of operation. As
noted earlier, the only significant mea-
surement is the signal margin at some
defined distance.

The moral of this story is that we can-
not use “best case,” theoretical values to
predict actual operation in a hostile envi-
ronment. The bottom line is that a sur-
vey of the proposed site is required to
determine if the actual signal margin at
the maximum distance is acceptable.
The calculated theoretical range (which
may be in miles) is not a good predictor
of performance within the anticipated
range of operation.

Not only does the attenuation curve
deviate from the theoretical 20
dB/decade, but each obstacle produces
an attenuation step plus a steeper atten-
uation curve. RF

References

1. Vinko Erceg, Saeed Ghassemzadeh,
Maxwell Taylog, Dong Li, and Donald L.
Schilling, “Urban/Suburban Out-of-Sight
Propagation Modeling”, IEEE Communi-
cations Magazine, June 1992,

About the Author
Bernard Kasmir is Senior RF De-
sign Engineer at Alarm Devices Man-
ufacturing Company (ADEMCO). He
holds BSEE and MSEE degrees and
a P.E. license. He can be reached at
160 Eileen Way, Syosset, NY 11791,

U ac

N,

SN

Y,

Ll n IS R RN I . bl | 40

N AN
-5 -5 [
) = | ¢
-19 F q o 19
\\ o
= NS =
= .75 |- \.“:‘ \Q:\'\_ -25 |
= =0 DA . e Qo
& BN DB ale - 3
a. BN z
ﬁé{’ B V\ N . '76 )
45 '“'RJ “\\\ \\ E—; =43
=2 \,/{ \\ \\\ 5
— -55 A \\ w 59 |
: 5 ‘ . &0
Eig LYY 5T N ™~
&r . \ 40 0B/ Doc ade SR
~ t
-£5 o R : o bl
Y ", B
\\ 5\ b
RECT R RN R AN = -1
”SU L bt ddail L 4*,|\\ L ’85
16 104 141505 { et 114
Uistance in Feet

1 E30 1 HEE

Oistance in ool
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path between transmitter inside one building to re-

ceiver in another building.

48

Figure 3. Measured normalized signal level along
straight-line path between transmitter in one build-

ing and receiver in another building.
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ELECTRICAL SPECIFICATIONS

Power _

.
< Components Inc. ™
FREQUENCY|AMPLITUDE| PHASE | POWER INSERTION
MODEL G YA ANCE | BALANGE | WATTS | 'SOLATION | MAXIMUM | "jogg™" |DROPIN| CONNECTOR.

(MH2) | (dB) Max. | DEG.Max. | (CW) (dB) Min. VSWR | (4g)max. | STYLE STYLE
RFP-86-108-00-200 +0.3 +15 20 230 1.15:1 03 205A 305
RFP-86-108-90-400 88-108 +03 +15 400 230 1.15:1 03 205B 305
RFP-88-108-90-800 +03 +15 800 230 1.15:1 02 205C 305
RFP-101-501-90-200 +06 +15 200 200 1.15:1 05 205D 305

100-500
RFP-101-501-90-400 +06 +15 400 200 1.15:1 05 205C 305
RFP-251-102-90-200 +05 +15 200 200 1.15:1 05 205D 305

250-1000
RFP-251-102-90-400 +06 +15 400 200 1.15:1 05 205C 305
RFP-201-401-90-200 +05 +15 200 230 1.15:1 03 202 302
RFP-201-401-90-400 200-400 +05 +15 400 230 1.15:1 03 203 303
RFP-201-401-90-800 +05 +15 800 23.0 1.15:1 0.4 204 304
RFP-401-102:90-200 +05 +15 200 250 1.20:1 03 201 301
RFP-401-102:90-400 400-1000 +05 +15 400 200 1.20:1 03 203 303
RFP-401-102-00-800 +05 +15 800 200 1.25:1 03 204 304
RFP-501-102:90-200 +05 +15 200 25,0 1.20:1 03 201 301
RFP-501-102-90-400 500-1000 +05 +15 400 200 1.25:1 03 203 303
RFP-501-102:90-800 +05 +15 800 200 1.25:1 03 204 304
RFP-102:202:90-200 +05 +15 200 200 1.20:1 03 201 301

1000-2000
RFP-102:202-90-400 +05 +15 400 200 1.20:1 03 203 308
RFP-20240290200 | 2000-4000 |  +05 +15 200 180 1.25:1 03 201 301
NOTES

1. Above data applies with tests performed in properly designed microstrip test fixtures and terminated into 50 ohms.
2 Precautions should be taken for high power applications at the lead interface to avoid voltage breakdown and arching; conformal coating

is recommended.

3. Couplers must fay flat on the mounting surface for good ground plane contact and thermal path. Mechanical relief for eyelet projection

is necessary.

~N OO O~

. For power derating, refer to the chart at right.
. All dimensions are in inches.
. Mechanical tolerance: +.02”, unless otherwise specified.

. Lead material: Gold-plated copper per MIL:G-45204, minimum
length 15",

8. Package material: Aluminum alloy 6061-T651.

Drop-in units are treated with clear irridite per MIL-C-5541A
Type 1, Class 1.
Connectorized units are painted as per MIL-E-15090, Class 2.

9. Standard connectors as per outline; other connectors, frequencies

and configurations are available upon request. Please contact the
factory for technical support when selecting a coupler for a specific
application.
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HIGH DYNAMIC RANGE
MIXERS / CONVERTERS / AMPLIFIERS / MULTICOUPLERS

Modern receiving equipment is subjected to dense and high level RF environments. State of the art solutions
are required to handle multiple strong signals without masking desired weak signals. LOCUS has developed a
series of high dynamic range components for such applications in the HF/VHF frequency ranges.

HDR MIXERS AND CONVERTERS

LOCUS high dynamic range mixers typically provide an intercept point of +45 dBm which translates to 90 dB
down products of 0 dBm signals. For frequency ranges of an octave or greater, second-order intermodulation
products are of concern. The LOCUS mixers provide comparable level rejection of second-order products. Single
tone (one input signal) mixer spurs are also consistent at typically 90 dB down.

MODEL TYPE IN (MHz2) LO (MH2) OUT (MH2z)
RFC-251A Image Reject Downconv 8-20 17-19 0.5-10
RFC-400A Downconv/I&Q Out 160+24 160 dec-12
RFC-400B Downconv/I&Q Out 70+12 70 dc-6
RFC-500A Downconv/BB Out 160+6 183 1-13
RFC-550A Image Reject Downconv 70+5 76 1-11
RFC-600A Tunable HF Upconv 2-32 52-82 50
RFC-600B Tunable HF Upconv 2-32 72-102 70
RFC-650A Image Reject (SSB) Upconv  1-11 76 65-75

FEED FORWARD AMPLIFIERS

LOCUS RF-2800 Series Feed Forward Amplifiers provide a 3rd order output intercept of +65 dBm typical, +60
dBm minimum over the 1 to 88 MHz range with reduced performance to 200 MHz. This is accomplished with
gains as low as 7 dB, giving input intercepts as high as +58 dBm typical, +53 dBm minimum.

FREQ. RANGE TYPICAL OUTPUT INTERCEPT POINT
MODEL/GAIN (MHz2) 3rd ORDER (dBm) 2nd ORDER (dBm)
RF-2801A/16 1-88 +65 +120
RF-2801B/11 230 +65 +120
RF-2802C/16 1-30 +65 +120
RF-2810B/16 230 +68 +120

MULTICOUPLERS

The RF-2800 Series Feedforward Amplifiers are incorporated in various multicoupler configurations that contain
unique, high level power dividers. LOCUS developed the high dynamic range power dividers to overcome the
limitations of typical catalog item power dividers when used with the Feedforward Ampilifiers.

Complete converter subsystems are available to provide >90 dB of image rejection, and high dynamic range
baseband amplification. Anti-aliasing lowpass filtering and group delay equalization for various output
bandwidths are also available. Passband amplitude ripple/variations are 1 dB maximum for these configurations.
Units can also be supplied with digital output.

Kaman Sciences Corporation

Locus Division
P.O. Box 740 = State College, PA 16804-0740 USA
(814)466-6275 = FAX:(814)466-3341
INFO/CARD 44 KAMAN
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RFIC Chip Set Targets
900 MHz Transceivers

By Jeff Ortiz, Sheryl Zavion and Paul Holmes
Motorola, Inc., Semiconductor Products Sector

The era of tetherless communications,
where a person may initiate or receive a
communication unfettered by wires, is
just beginning. By the end of 1992, there
were 21 million cellular subscribers,
more than 20 million pagers in operation
and 60-plus million cordless phones
worldwide. In the United States alone
there are over eleven million cellular
subscribers and eleven million pagers in
operation. In addition, approximately ten
million cordless telephones are pur-
chased annually.

he Personal Communicator, as de-

scribed by A.D. Little’s 1990 study
on Personal Communication Services, is
rapidly becoming a reality. This system
will allow a person to place or receive a
call at home, the office, a shopping cen-
ter, restaurant, or in the next city or state
with a handset cost of under $100. This
and subsequent market studies have
found that almost 50 million U.S. house-
holds would subscribe to such a system.
Similar opportunities for tetherless com-
munications exist worldwide, where the
next generation cordless systems such
as cordless telephony (CT1), Telepoint
(CT2, CT2-Plus), PCN, Japan Personal
Handy Phone (JPHP) and wireless PBX
(DECT, CT2) are being implemented. In
the U.S., similar services could be of-
fered in the ISM bands under Part 15
operation using spread spectrum or very
low power transmission. It is expected

MRFIC2001
Downconverter
A 1 IF ouT
0 -250 MHz
AX ENABLE LOINPUT
~ ) LO
—— o "
RAX ENABLE RX ENABLE LO INPUT 250 MHz

MRFIC2004

MRFIC2006

Power Acmplllor Driver, Ramp & MRFiC2002
Inverter Upco .

TX ENABLE

Figure 1. 900 MHz RFIC front end.

that by 1994 the direction of PCS in the
United States will be clearly defined by
the FCC.

The system designer has a daunting
task in meeting his customers’ (the end
users’) expectations for the performance
of these new generation wireless sys-
tems. The criteria are small size and
weight of the handset, long talk time,
landline quality voice reception, and low
cost. At the system design level, this
means high integration levels, minimal
number of batteries, low current drain,

—Q
L

RX ENABLE LOINPUT

Figure 2. MRFIC2001 900 MHz
downconverter.

Chip Set Requirements
Customer Expectations

End User Systems Designer
Small size & weight High Level of Integration

Chip Compatibility

Low Voltage
Long talk time High device efficiency
Long battery life
Functions which meet
requirements

Landline quality

Inexpensive but easy
to use. Flexibility across
platforms

Low Cost

Parameter
Solutions Supply Voltage
RFICs RF Frequency

Partitioned for ease of
integration, 3V or less
designs

High efficiency functions
Standby mode
Functions which meet
system requirements
Performance over tem-
perature

Lowest cost circuit
technology. Meet
several platform require-
ments. On-chip system
functions. Plastic sur-
face mount packages

IF Qutput Frequency

Supply Current
On-Mode

Conversion Gain
SSB Noise Figure

LO Drive Level

@3V, 900 MHz, 25 °C:

Off-Mode (Enable < 1.0 V)

Third Order Intercept (Input)
Pous 1 dB Compression

MIN TYP  MAX UNITS
27 3.0 5.0 v
500 1000 MHz
0 (DC) 250 MHz
47 5.5 mA
0.1 2.0 HA
20 23 26 dB
55 oB
-26 225 dBm
-10 dBm
-10 dBm

Table 1. Generic RFIC front end requirements.
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Table 2. MRFIC2001 performance parameters.

August 1993






Parameter MIN TYP MAX UNITS Parameter MIN TYP MAX UNITS
Supply Voltage 2.7 3.0 5.0 \) Supply Voltage 27 3.0 4.0 \Y%
RF Frequency 500 1000 MHz RF Frequency 800 1000 MHz
IF Input Frequency 0 (DC) 250 MHz @3V, 900 MHz, 25 °C:
@3V, 900 MHz, 25 °C: Supply Current,
Supply Current TX EN High, RX EN Low 11 13 mA
On-Mode (Enable > 2.0 V) 5.5 7.0 mA Supply Current,
Off-Mode (Enable < 1.0 V) 0.1 2.0 pA TX EN Low, RX EN High 07 1.5 mA
Conversion Gain (IF Matched) 8 10 12 dB Standby Current 700 HA
SSB Noise Figure 10 dB Gain Control Range 34 dB
Pout 1 dB Compression —-18 dBm Gain (Small Signal) 19 215 24 dB
Pout: Saturated -16 -14 dBm Third Order Intercept (Output) 7.5 dBm
LO Drive Level ~10 dBm Pou 1 dB Compression -4.0 -1.0 dBm
Table 3. MRFIC2002 performance parameters. Table 5. MRFIC2004 performance parameters.
Parameter MIN TYP MAX UNITS
Supply Voltage 2.8 3.0 6.0 \ Parameter MIN TYP MAX UNITS
RF Frequency 100 1000 MHz Supply Voltage 2.7 3.0 4.0 %
@3V, 900 MHz, 25 °C: RF Frequency 500 1000 MHz
Supply Current 100 UA @3V, 900 MHz, 25 °C:
Antenna - Rx Loss 0.5 0.8 dB Supply Current - Total 46 50 mA
Antenna - Tx Loss 0.8 1.0 daB Gain (Small Signal) 19 23 26 daB
Isolation - Rx 17 20 dB Pouts 1 dB Compression +12 +15.5 dBm
Isolation - TX 19 23 dB Third Order Intercept +25 dBm
Pou, 1 dB Compression 21 dBm

Table 4. MRFIC2003 performance parameters.

long battery life, functional performance
meeting or exceeding the requirements
of the new wireless systems’ specifica-
tions and, finally, inexpensive but easy-
to-use chip sets. The chip sets should
also be flexible enough to use in several
platforms. Table 1 transiates what cus-
tomer expectations and system design
requirements mean at the RF device
level.

The first systems to be introduced are
in the 800 MHz to 1000 MHz frequency
spectrum — generically referred to as
900 MHz. At the same time, new digital
cellular systems are being implemented
in Europe (GSM), Asia (GSM and
TDMA/FDD), Japan (JDC) and North

Tezsee
Omaxe
Plo =-7aBm

Nf,dB

//
"
——

600 eso 500 550 ‘000
RF Frequency, MHz

Figure 3. Noise figure vs. RF fre-
quency — MRFIC2001 downcon-
verter.
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America (TDMA/ FDD, CDMA) in the
same frequency band.

A System Solution

Previously, a 900 MHz transceiver
front end was dominated by discrete
transistors, passive elements and a few
general purpose MMICs tied together
with minimal integration. As a result, the
system’s designer had to perform signifi-
cant RF matching analysis among dis-
parate components. It is difficult to opti-
mize system performance versus board

LO INPUT

L
R |

BIAS
CONTROL

—-—
ENABLE  RAMP

Table 6. MRFIC2006 performance parameters.

layout and size. The discrete component
solution also increases the number of
devices and solder joints, creating the
potential for reduced reliability.

The MRFIC200X chip set provides the
RF system designer with a complete
CT2 front end requiring minimal filtering
and off-chip interface circuitry. In de-
signing the chip set, a systems ap-
proach was taken in partitioning the re-
ceive and transmit functions to provide
for ease of insertion and device compat-
ibility. Additional user features such as
adjustable bias current, receive and
transmit enable and a selectable trans-
mit ramp function are provided through
on-chip system functions. The chip set,
consisting of an antenna switch, down-

Ta2s0C

0

IF Input Power, dBm

]

Figure 4. MRFIC2002 900 MHz up-
converter.

Figure 5. P, vs. IF input power —
MRFIC2002 upconverter.
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RF tutorial

Classes of Power Amplification

By Gary A. Breed
Editor

The subject of power amplifier operat-
ing class is not particularly complex
in concept, but the beginning reader
should be warned that completing
an amplifier design for a particular
class may not be so simple. This tutorial
covers the basics: the definitions of
six operating classes that are the most
commonly used. A few notes are includ-
ed on implementation, but much
additional reading and study should be
undertaken to get a better understand-
ing of the complexity of power amplifier
design.

he most-often used classes of oper-

ation for power amplifiers are A, AB,
B, C, D and E. Although other classes
have been defined and used in some
applications, they are far less common
than these.

Class A

By definition, class A means that the
amplifying device (bipolar transistor,
MOSFET, vacuum tube or other device)
is conducting at ail times. This is usually
defined as conduction for all 360 de-
grees of the sine wave input. This
class offers the highest linearity as long
as the active device operates in the lin-
ear portion of its transfer function, does
not saturate during any part of the cycle,
and stays within its power dissipation
limits.

The design requirements that must be
met include proper bias (base, gate or
grid) to keep the device turned on during
the entire input voltage swing; some
type of current limiting (usually a collec-
tor, source or cathode resistor) to keep
the device from dissipating excessive
power; and selection of operating volt-
age to maintain performance according
to device specifications. Temperature
compensation will be required when the
amplifying device is operated at a signif-
icant percentage of its power handling
capacity.

Class B

Class B is defined as conduction over
180 degrees of the input sine wave. The
typical application of class B is in push-
pull amplifiers, where two devices share
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the total amplification load, each con-
tributing power during one-half of the
waveform. This class allows convenient
combining of two devices for higher
power output, while maintaining general-
ly linear operation during each half of
the cycle.

The limitation of class B is that it is not
sufficiently linear. Amplifying devices do
not have linear transfer functions over
180 degrees. There is a transition region
near the turn-on point that is non-linear
before the input/output slope becomes
linear. The effect of this region is
“crossover distortion,” a bump or step in
the waveform at the zero crossing
(where one device stops delivering
power and the other one takes over).
For this reason, true class B amplifiers
are rarely used.

Class AB

To overcome the crossover distortion
problem of class B, the devices are usu-
ally slightly forward-biased to reach the
edge of the linear region of the transfer
function. This small bias, which typically
causes a quiescent current of two to ten
percent of the total current, moves the
operating point away from class B, clos-
er to class A — hence the name class
AB.

Class AB is also occasionally used
in single-ended amplifiers. Because
the device does not draw full current all
the time, class AB results in greater effi-
ciency than class A. For amplifiers
which must be reasonably linear, but
can tolerate some degree of non-lineari-
ty, class AB may be an option for the
designer.

The critical design task is identifying
what tradeoff to make between quies-
cent current {and efficiency) and lineari-
ty. This is usually dictated by the re-
quirements of the modulation applied,
and the regulations that must be met re-
garding the level of distortion products
that are generated by the amplifier's
non-linearity.

Class C

Class is defined as conduction over
something less than 180 degrees. The
most common use of class C is in self-

biased amplifier circuits. For example,
an applied sine wave does not turn on a
bipolar transistor until its voltage reach-
es the forward voltage of the base-emit-
ter junction. Also, if the emitter is above
ground due to the presence of a resis-
tor, the input must also overcome the
voltage drop caused by current through
this resistor. As a result, the transistor is
turned on for less than the 180 degrees
that the input waveform is positive. -

Since class C amplifiers behave
something like an impulse function, they
are very non-linear; the output waveform
bears little resemblance to the input.
However, the device is turned on for
less time, while delivering the same
peak power, so its efficiency is higher
than class A, B or AB. For modulation
types that do not need linearity (FM,
PM, CW), or for modulation types that
are applied at the power amplifier (AM,
pulse), class C is often the operation
chosen. The simplicity of self-bias or un-
compensated bias circuits, along with
the good efficiency, make class C the
first choice for many designs.

Class D

This is the first of two switching-mode
classes to be discussed. The advantage
of an ideal switching amplifier is simple
to explain. Consider a switching device
connected to a resistive load — when
the device is off, it draws no current;
when it is fully on, its resistance is very

‘ saturation

linear >

Output

transition
region

<+
/ }

Input

Figure 1. Typical input/output
transfer function for power ampli-
fier devices.
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RF design awards

Program Performs Symbolic
Circuit Analysis

By Henry Yiu
YY Software

The purpose of the program XFUNC
is to compute the frequency domain
transfer function of a circuit in symbolic
format, given a circuit description netlist
using linear models. In addition to this
basic feature, the program provides vari-
ous extras, which will be discussed in
the following sections.

lectronic engineers, research scien-

tists, and mathematicians will find
XFUNC most useful. Most circuit analy-
sis software on the market today, such
as SPICE, only give a numerical fre-
quency response solution to a given cir-
cuit. But it is sometimes necessary to
find the frequency response with respect
to various circuit parameters, and to
choose component values to optimize
the performance. The most direct and
proven way to achieve these goals is to
generate the mathematical transfer
function description of the circuit.
XFUNC saves the engineer’s time and
tedious efforts by generating the sym-
bolic mathematical transfer function.

Another important feature of XFUNC,
when compared to most other circuit
analysis software, is its ability to use the
state-space averaging technique to ana-
lyze a switching circuit. Although SPICE
based programs can calculate transient
response, they do not provide a fre-
quency response solution to a switching
circuit. It should be noted that because
XFUNC is symbol based, it is not de-
signed to handle large circuits. For most
analog circuit analysis, it is best to break
up a large circuit into small blocks and
to analyze each block.

In addition to circuit analysis, XFUNC
can be used as a simple tool for symbol-
ic algebra. Besides addition, multiplica-
tion, etc., it can be used as a symbolic
matrix simplifier and solver. It also gen-
erates plots of the results.

Requirements

XFUNC requires an IBM compatible
with 286 processor or better, at least
512k bytes of free memory, 1 Meg or
more of hard drive space, EGA color
monitor or better and DOS 2.0 or better.
A mouse and math coprocessor are rec-
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ommended but not required.

Using XFUNC

Most of XFUNC’s routines can be run
from either the DOS command line, or
from the integrated environment that
XFUNC provides. Several file, data,
analysis and plotting options are avail-
able. Transforms between the frequen-
cy, S- and Z-domains are possible.
Under the Plot option, gain-phase,
Bode, pole-zero, Nyquist, impulse re-
sponse and step response plots are

available.

The circuit to be analyzed is described
in an ASCII file with a .CIR extension.
Each line of the circuit file contains ei-
ther a circuit component description, the
type of analysis to be made, the user
option to control the analysis, or just a
comment. These lines can be written in
any order, as long as the list is ended
with an “.END”. The circuit files use the
same node numbering scheme em-
ployed by SPICE. Figure 1 shows a lad-
der network netlist being edited by

XFUNC EDITOR Help=F1
Ediiiaaisaiaiizasizsass: s -
1 5 stage R~C-L ladder networt
FRERRKKA KRR KRR KRR KKK
~TITLE R-C-L Ladder Network.
«AC LINEAR
vs 1 (2] 1
R 1 2 1 Stage 1
[ 2 3
c 3 0
R I 4 : Stage Z
L 4 s}
c S @
R = & : Stage =
L & 7
C 7 0
= 7 a i Staue 4
L 8 9
c T o
R k4 10 i Stage &
L 10 11
i 11 [l
VM 11 Ll
_— O FUNCMNLADDER.CIR

Figure 1. Circuit file for a ladder network being edited with XFUNC’s

built-in editor.

About File

Analvsis

Data

Flot

File Name: C:\FUNC\LADDER. %
File Title: R-C-L Ladder Network.
Data Object: VM 11 ]

Status: Data Object saved.

Figure 2. First five terms of the denominator of the ladder network’s

transfer function.
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25 Mbps Differential Receiver with

1000 Volts of Isolation

By Pavio Bobrek
Loral Data Systems

This circuit is useful when high speed
digital data must be transmitted over
long cables in a harsh environment, e.g.
where there are lightning induced tran-
sients. It was developed in support of
the Boeing 777 test program which re-
guired data and clock signals to be
transmitted at various rates over differ-
ential cables at distances up to 300 ft.
Specifications required the receiver to
operate at 24 Megabits/sec and with-
stand common mode surges of 600
volts as specified in standard RTCA/DO-
160C section 22, category K. The high
data rate eliminated the possible use of
opto-isolators because their high delay
variance causes unpredictable skew be-
tween clock and data. The receiver re-
quirements are met with a simple MMIC
oscillator driving two pairs of mixers cre-
ating a synchronous modulator/demodu-
lator for both the data and clock signals.

Figure 1 is a schematic of the dual-
channel differential receiver. A low
cost MMIC amplifier is used to construct
a 90 MHz oscillator with over +8 dBm of
output power to drive all four mixers. An

T, = 6.4 Microseconds » 20%

T, = 70 Microseconds + 20%

LONG WAVE
Ve
; T, - 100 Nanoseconds Max
I T, = 8.4 Micioseconds + 20%
|
B SHORT WAVE
‘v—'j Fe‘ T Froquency {MHz) T, Nanossconds
- Damped sinusold
bl 100 max ik
/-) 10 (220%) 25 max 3105 oycles
\ﬂﬂﬂﬂ/\\f\’
' U Juvy DAMPED
| SINUSUIDAL WAVE

-5V NFMG1R30T4T2 0.1uF
3000 ~ |
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O1pF
+5v [ NFME1R30Ta72 0.1uF
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T
90MHz + 10% 8-10dBm W
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NRZL 325nH Askt ! | -
DATA
IN 120pF 10MQ

Figure 1. Isolated 25 Mbps differential data and clock receiver circuit.

ultra-miniature EMI suppression filter is
used as the resonator element (the
exact frequency of oscillation is not criti-
cal). Each differential receiver channel
consists of a pair of mixers connected
back to back to create a synchronous
modulator/demodulator. The filtered out-
put of the second mixer is fed into a digi-
tal comparator to reconstruct the digital
signal.

The oscillator design was inspired by
a November 1987 RF Design article on
the use of MMICs in oscillator circuits
(1). The EMI bead filter provided the
simplest choice of resonating element
since the oscillator frequency was not
critical. It is possible to greatly increase
the data rates at which the design will
operate by increasing the oscillator fre-
quency (using either a discrete LC lad-
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Figure 2. Voltage wave forms.
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Figure 3. Typical test setup: short wave test.
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der or equivalent distributed element cir-
cuit) and by selecting a higher frequency
mixer. However, at higher oscillator fre-
guencies, the signal delay through each
mixer may not be an insignificant frac-
tion of the carrier wavelength. This re-
sults in an apparent phase shift between
the synchronous LO of the second mixer
with respect to the carrier signal present
at the mixers’ RF ports. This problem
could be corrected somewhat by con-
necting the MMIC amplifier's output to
supply the first (modulator) mixer in
each chain rather than the second (de-
modulator). This modification would
make the MMIC more vulnerable to
common mode feed-through and so re-
duces isolation. An alternative would be
to fix the phase shift by controlling path
delay or using a phase shift circuit. Nei-
ther of these modifications is necessay
to operate at 25 Megabits/sec.

The mixers were chosen for their
small size, however, virtually any double
balanced mixer will work. Since the re-
ceived signal is fed into the IF port of the
first mixer, the differential DC content of
the signal is preserved at the IF output
port of the second mixer. This circuit is
designed to receive signals over a 78
ohm twinax cable which is source termi-
nated. The series 39 ohm resistors were
put in for current limiting and to limit re-
flection of any large transients. The LO
to IF feedthrough was measured to be
20 millivolts peak to peak at 90 MHz.
The LC notch filter at the input of the
first mixer reduced the LO feedthrough
to under 2 millivolts. The 25 nH inductor
has an air core and is made of 4 turns of
#20 magnet wire on a 0.1 inch form.

The comparator has a 50 millivolt pos-
itive bias to provide noise immunity, en-
abling the receiver to work with unipolar
signals. The EMI filter between the filter
and the comparator, together with the
comparator’s response, adequately sup-
presses the carrier’s first harmonic.

The combined circuit is able to oper-
ate with a received signal amplitude as
low as 250 millivolts peak to peak. The
maximum differential signal is depen-
dent on the current levels that the
mixer's |IF diodes will tolerate (about 40
mA). The entire circuit occupies about
1.5 square inches of a single side of a
printed circuit board.

Performance Results

This circuit was primarily designed to
meet the requirements specified in stan-
dard RTCA/DO-160C section 22, cate-
gory K. That document specifies the test
which must be performed to ascertain a

RF Design
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Figure 4. 1 MHz damped sinusoidal wave test.
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Figure 5. 10 MHz damped sinusoidal wave test.
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Figure 6. Typical test setup: long wave test.

high level of isolation. There are four
test waveforms which are used. These
are shown in Figure 2 (one sketch is
used to illustrate two different sinusoids
in that figure). RTCA/DO-160C also

specifies the construction details of the
test setup required to conduct the test
on a given system. We connected a sin-
gle mixer as shown in Figures 3 through
6 as the unit under test. The voltages
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