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Now...

the only RF power amplifier
you may ever need.

< o his single unit is so incredibly The 550L represents the pinnac oy
- ‘ ~ versatile it can replace several in RF power versatility. There's
& you may be using now. And you nothing like it commercially avail-"

may never need another. It’s an able anywherel And it may be
extremely broadband high the only RF power amplifier you
power, solid state, Class A linear ever need.
amplifier. It's rated at 50\ from For more information, a demon-
1.5-400 MHz. But it can provide : (=] ¥. stration, or a full line catalog,
100 Watts from 1.5-220 MHz. All please contact us at ENI, 3000
you need with the 550L is any Winton Road South, Rochester,
standard signal or sweep gener- RF Transmission, ultrasonics NY 14623. Call 716/473-6900,
ator and you‘ve got the ultimate and more. or telex 97-8283 ENI ROC.
in linear power for such applica- And, like all ENI power ampli-

tions as RFI/EMI testing, NMR,  fiers, the 550L features uncon-
ditional stability, instantaneous
failsafe provisions, and absolute

protection from overloads
and transients.

The advanced design line of power amplifiers
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HP: EXPERIENCE IN MICROWAVE TECHNOLOGY =

When your RF network
measurement needs are large,

but your budget isn't. __—
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8754A Network Analyzer and 8502A
Transmission/Reflection Test Set CRT trace
has been stored in companion 8750A Storage
Normalizer

HP% 1300 MHz Transmission Magnitude Simultaneous
Network Analyzer. and Phase. Transmission and
It brings speed and —y Reflection.
convenience to
RF measurements
for only $12,400.

The HP 8754A consists of:
0 4-1300 MHz swept source

: Measure loss, gain and phase =
with +10 dBm leveled shift using the 11850 Power Use the 8502 Test Set ($2250) and see

Splitter (8675). Completely

the trade of issi
idemify filter passbands i e traae o fs between transmission

output, calibrated sweeps

3 g : ain/loss and input match in a single
and crystal markers. mlsrltegté?;zct:;:;t(l;si:grhom Setaip. For fiv-poiet chiactetfsticsof
. 2 2 networks, including transistors, an
o Three channel r:acelrer Spurious responses. S-parameter test set is available.
to measure any two trans- |
e . mpedance. .
mission/reflection param- p . §torage/ Normalizer
eters simultaneously with Increases .
>80 dB dynamic range. the 8754A’s capabilities.

Add the 8750A and you can automatically
remove system frequency response varia-
tions also make comparison measure-
ments easily. Digital storage permits
flicker-free displays even for measure-
ments requiring slow sweep rates.

o CRT display for rectilinear
and polar plots with resolu-
tion 0.25 dB and 2.5°/major
division.

Just add the appropriate Measure and display A callto your nearby HP
test set and you can make in)ly;]edanfelin pollar f(t)rm: field sales office is all you

W stal mark o giv J
thorough and accurate précisedfeqpency date. Test have to do to get more infor-
measurements qu1ckly ss%ts are%vailahle for both mation, or write 1507 Page
and easily. Such as: and 7541 systems. Mill Road, Palo Alto,

CA 94304.

pr— Domestic US prices only.
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Now Available...

IWAMPLIFIERS

0.05-1000MH= ;o SI99

S 1 2y i
v X 2.22" (ZH
¢ Seif-contained heat sink ZHL-2-8
e One-week delivery

if your application requires up to 1 watt for intermodulation
testing of components ... broadband isolation ... flat gain
over a wide bandwidth ... or much higher output from your
frequency synthesizer or signai/sweep generator ...
MiniCitcuits’ ZHL power amplifiers will meet your needs, at
surprisingly low prices. Five models are available, offering a
selection of bandwidth and gain.

Using an ultra-linear Class A design, the ZHL is
unconditionally stable and can be connected to any load
impedance without amplifier damage or oscillation. The ZHL
is housed in a rugged Y inch thick aluminum case, with a
self-contained hefty heat sink. BNC connectors are supplied;
however, SMA, TNC and Type N connectors are also available.
Of course, our one-year guarantee applies to each amplifier.

So from the table below, select the ZHL model for your
particular application now ... we'll ship within one week!

GAIN MAX. POWER NOISE | INTERCEPT

MODEL | FREQ. | GAIN |FLATNESS OUTPUT dBm FIGURE POINT DC POWER PRICE

NO. MHz dB dB 1-dB COMPRESSION| dB |3rd ORDER dBm|VOLTAGE |CURRENT | $ EA. QTY.
ZHL-32A [0.05-130 |25 Min. | £1.0 Max. +29 Min. 10 Typ. +38 Typ. +24V 0.6A |199.00 (1-9)
ZHL-3A |0.4-150 |24 Min. | £1.0 Max. +29.5 Min. 11 Typ. +38 Typ. +24V 0.6A (199.00 (1-9)
ZHL-1A | 2-500 |16 Min. | £1.0 Max. +28 Min. 11 Typ. +38 Typ. +24V 0.6A [199.00 (1-9)
ZHL-2 10-1000 | 15 Min. | * 1.0Max. +29 Min. 18 Typ. +38 Typ. +24V 0.6A |349.00 (1-9)
ZHL-2-8 |10-1000 |27 Min. | £1.0 Max. +29 Min. 10 Typ. +38 Typ. +24V 0.65A [449.00 (1-9)

Total safe input power +20 dBm, operating temperature 0°C to +60° C, storage temperature —55°C to +100°C, 50 ohm impedance, input and output VSWR 2.1 max.
For detailed specs and curves, refer to 1979/80 Microwaves Product Data Directory, p. 364-365 or EEM p. 2970-2971

World's largest manufacturer of Double Balanced Mixers

2625 East 14th Street Brooklyn, New York 11235 (212) 769-0200 m M in i.c ircu its

Domestic and International Telex 125460 International Telex 620156
MINI-CIRCUITS LABORATORY

A Division of Scientific Components Corp 46 REV C
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Baseband Measurements
20 Hz to 5 MHz

‘o

— " g . : ':““
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7113 7118
Communications applications Microwave applications
1KHz to 1.8 GHz 1.5 GHz to 60 GHz

Our transportable spectrum analyzers are part of the growing family of
Tektronix 7000-Series Mainframes and Plug-Ins designed to meet all your test
and measurement applications with high performance, flexibility and

expandability.



TEKTRONIX SPECTRUM ANALYZER FAMILY

Laboratory performance

plus transportability.

Tektronix Spectrum Analyzers deliver superior performance on the
bench and in the field from 20 Hz to 60 GHz.

Top performance at the
top of the spectrum:
7118 (1.5 GHz to 60 GHz)

Engineers who design or measure state-
of-the-art microwave systems obtain
supreme accuracy from the 7118,
Imagine resolving frequencies as close as
180 Hz, 60 dB down, with 30 Hz resolu-
tion to 12 GHz and 10 Hz residual fm
peak-to-peak. .. with full calibration to 60
GHz —the highest available.

Displays are clear and bright...

e { 51 R

Wi |
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like this sample of 240 Hz sidebands at
10 GHz.

And other features like digital storage and
digital signal processing are easy to use
with the 7L18’s microprocessor-aided
controls. .. plus a built-in tracking pre-
selector; automatic and fully calibrated.
In application after application, you get
flicker-free traces, even at slow sweep
speeds. And you can compare waveforms
or make a long series of measurements
with repeatable accuracy.

The 7L18 is ideal for testing and evaluat-
ing new microwave systems, including
ECM, satellite communication systems,
and microwave links. All this perform-
ance costs under $17 thousand.

Communications
measurements without
the jitters: 7L13 (1 KHz
t0 1.8 GHz)

Now you can make every important
communications measurement accurately
and conveniently for EMI, FM, TV, navi-
gation, avionics, two-way and many other
applications.

The 7113 features jitter-free displays even
at 30 Hz resolution with designed-in 10
Hz fm stability. This provides the ultra-
critical accuracy necessary for design and
proof-of-performance measurements.

The 7L13’s top performance costs under
$13 thousand.

Put a Tektronix Tracking
Generator in tandem
with the 7L13, and you
can make precise swept
frequency measure-
ments, too. All para-
meters, including center
frequency, are read out
on the crt itself for easy
referencing.

Application notes for
communications en-
gineers are available.
Just write or call.

Precision and
convenience for base-
band measurements
up to 960 channels: 7L5
(20 Hz to 5 MHz)

Sweep your baseband for spurious re-
sponse, leakage, noise, shifts, distortion
and transient bursts with the certainty of
10 Hz resolution.

Comparing baseband channel perform-
ance is easy because the 7L5 switches
from a single channel to a 60-channel
supergroup without retuning. You see all
channel amplitudes at a glance, side-by-
side. And, you get frequency accuracy
that resolves an individual channel fre-
quency down to 10 Hz, including signals
at -140 dBv.

A 7L5 Spectrum Analyzer costs under
$9 thousand.

With every member of our spectrum
analyzer family, you receive Tektronix’
reliability, quality and service.

Contact the Tektronix Field Office nearest
you for applications assistance, a demon-
stration or pricing information.

For literature only, call our toll-free
number: 1-800-547-1512.

Oregon residents call collect: 644-9051.
In Europe: Tektronix, Ltd., Box 36,

St. Peter Port, Guernsey, Channel Islands

INFO/CARD 4



HP: EXPERIENCE IN RF MEASUREMENTS

For high performance

receiver testing,
you heed

high performance signals.

HP 86408 w/Opt. 001, 002, 003 —0.5t0 1024 MHz.

HP’s 8640 B Signal Generator.

The 8640B product concept brings
together the superior characteristics needed for
high performance receiver testing:
* Spectral purity >—130 dBc/Hz, 20 kHz offset
¢ Wide dynamic range, +19 to —145 dBm
* Phase lock stability/external count capability
e Accurate, versatile modulation
* Product options to add more capability
* Opt. 001—Variable modulation, 20 Hz —600 kHz
* Opt. 002—Extended frequency, 0.5 to 1024 MHz
¢ Opt. 003—Reverse power protection to 50 watts
* Opt. 004 — Avionics version for NAV/COM tests

The 8640B gives you Y digit resolution
(500 Hz, 100 to 1000 MHz) phase-locked to a
<5 x 10-8/h crystal. You can also use the new
Model 11710B Down Converter to extend output
frequency down to 5 kHz and test standard IF
amplifiers at 262 kHz and 455 kHz. 8640B Signal
Generator $71507 11710B Down Converter S1175*
So for your high performance receiver testing,
choose the performance standard in RF signal
generators. For more information, call your nearby
HP field sales office, or write Hewlett-Packard Co.,
1507 Page Mill Road, Palo Alto, CA 94304.

*Domestic U.S. prices only.
049154

HEWLETT
PACKARD
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A Riddle

want to share a thought with you, you the engineer. When one

introduces himself as an engineer, and this is your first meeting
with the person, what thoughts do you immediately have? Do you
say to yourself | wonder where he's working?" “What's he doing?"”
“How much is he making?" “Where did he get his degrees and
which ones does he have?'" Those are some of the possibilities.

However, I'm almost willing to bet that your impression of him
and specifically his trade is more
concrete. You know that he's prob-
ably worked his butt off acquiring
his degree by means of a combin-
ation of four or more years of day
and/or night school; he's entered
a profession that most of his friends
and probably family have frowned
upon from a monetary point of
view; and he's seen one, two or
three roller-coaster ‘“‘recessions’ |
that appear to better describe the
classical definition of a depression.
You see this individual as a logical
person capable of working from a
whisper of an idea to a bodacious
airborne rack of equipment circling
the globe defining friend or foe.
The RFQ(s), RFP(s), proposals,
monthlies, interims, final reports —
these are all taken for granted.
Of course your friend knows how
to clearly and succinctly document his work.

Take a closer look. This person is YOU. You've worked on projects
that were for the public good and some not so good (but these
we won't talk about). You've pushed back the frontiers in component
technology and in some cases actually created them. You've designed
instrumentation that should not perform at that high a frequency,
but it does, and it does it faster, and more accurately, and you can
fititin a briefcase.

But you've been guilty of a crime. You've kept it to yourself. You
haven't disseminated the information to others. Oh, | don’t mean just
your company documentation and advertisements. | mean articles
in the leading well read journals (like r.f. design).

I've heard all the common excuses: ‘| don't have time. What impor-
tance is it to others? Who cares?”

| care. From my vantage point, | see what many different engineers
are doing. It's fascinating. Let's change this trend. “Give us your
tired, your poor” and “worthless” ideas and let us “revitalize” them
and share them with the 24,000+ logical, hard-working engineers
(like yourself) who read this magazine.

Solve the riddle!

Rich Rosen
(303) 988-4670
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Systen)
Intermod

Perfor

Nubar Ayrandjian, Norlin Communications, Gaithersburg, Md.

henever getting ready to set up the building blocks
of a system, a block diagram is drawn, and the
specification of each block is detailed. From the assigned
specifications, the Noise Figure and Gain of the system
can be precisely found. But even if the Third Order inter-
modulation Performance of the building blocks are speci-
fied, estimating the overall Intermodulation Performance
is risky. Several equations can be used, and these become
lengthy, even with calculators. Here is a simple and accur-
ate way of finding out exactly what the performance wilil
be. Using the block diagram as a working model, the only
two specifications necessary to work with is Output Inter-
cept Point (OIP) and Gain.

Knowing the OIP of a Module, the Input Intercept Point
can be found by subtracting the gain. Whenever the OIP of
a module is determined by interfacing with another module,
the HIP of that module is degradated by the same value.
The Interface performance can never exceed the lowest
performance value of either module, but is actually less
than the lowest. The actual value can be determined from
the chart.

Several steps are involved, but once the steps are recog-
nized, it is a repetition of two steps, and a block diagram
of the same type as Figure 1. It should not take the
engineer more than a couple of minutes to evaluate the
correct performance.

By taking the trouble of following the assigned steps,
the greatest performance degrading module can be noted
at a glance and steps taken to remedy it.

The Intermod Performance of two interfaced modules
is always determined by the lower performance module.
Therefore, starting at the last module locate + 40 dBm on
the scale and draw a line to simulate its specified lIP, i.e.
+20dBm.

With an 1IP of A3 of +20 dBm, a lossy module
preceding it, and intermod performance of the lossy
circuit considered as not applicable, the Interface Per-
formance is not degraded. Hence + 20 dBm does not
change and the lIP of BPF2is + 24 dBm.

i.e. +20dBm - (-4dB)= + 24dBm.

X2 OIP is given as + 20 dBm, and it is operating into
another block whose HIP is +24 dBm. Using the AP equa-
tion of P2-P1=AP, we find +24 —-20= +4 dB. where P2

Imance

Table 1.
Specifications
Module Gain (dB) OIP (dBm)
Pre-Selector -2 NA
A1l 20 +20
X1 -8 +20
BPF1 -1 NA
A2 10 + 30
X2 -8 +20
BPF2 -4 NA
A3 20 + 40

is the IIP of A2, and P1 is the OIP of A1, (where A1 and A2
are two simple building blocks, see Figure 3). Using + 4 dB
as AP, find « from the graph. a =1.45 dB. This therefore
is the degradation imparted to the OIP of X2. Go to Figure 2
and at the interface junction, locate OIP ACTUAL, of
X2,i.e.20 —a =18.55dBm.
Since X2 is alossy module (- 8 dB), X2 lIP is + 26.55 dBm.
A2 OIP is +30 dBm and operating into a + 26.55 dBm

~

J2

Pre- | > S il K< | 1] ~
J1 )'Selectof Al S B8PF1 A2 > / BPF2 A3 /\’
J X1 4L X2 1 L
Gain: -2d8 +20dB -8dB -1dB +10dB -8dB -4dB +20dB

oip: NA +20dBm+ 20dBm NA +30dBm+ 20dBm NA  +40dBm

Figure 1. System Block Diagram With Gains and
Output Iintercept Points Indicated.
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Don’t guess, risk, or estimate the intermod performance
of your system. Calculate it in five minutes.

Pre

Selectorl'—‘ At
40

X1 BPF1 M—« BPF2 |

30
3
@
°
20
10
ob.\
-19 Figure 2.
00 oy = J*E%ti
] 1 o°o = D b [ 1
i IS 1 L1 A A S 1
50 | Lo Intarmod Per'ormancoofTwoStages in Cascade.
' 1 { OIPOt A1 = P1(dBm), P of A2 = P2(dBm) [2]—»
| | P2-P1 = APFind«x |
Degradanon of A1 = P1 (dBm) -
20 , + . T & | W— |

(dB)

by

-

8

-16-14-12-10-

-6-4-2 0 2
Figure 3.

i L L i1 l
4 6 81012 14 16 18 20
AP (dB)

IIP biock. Therefore AP=26.55 — 30= -3.45 dB, and
o = 5 dB. The OIP of A2 is degraded by 5 dB, i.e. it now
has an actual value of 30 - 5= +25 dBm. A2 IIP is now
25 — 10= + 15dBm. Again the BPF1 loss actually enhances
the IIP of A2 by 1dB, and lIP of BPF1is now + 16 dBm.

X1 OIP is + 20 dBm and operates into a + 16 dBm IIP
block. Therefore AP =16 — 20= -4 dB, and o =5.5 dB.
The OIP of X1 is degraded by 5.5 dB, i.e. it now has an
actual value of 20 — 5.5 = 145 dBm. Its IIP is 145 —
(—8) = 22.5dBm.

A1 OIP is +20 dBm and operates into a +22.5 dBm
block. Therefore AP =225 — 20=2.5 dB and o« =1.9 dB.
The OIP of A1 is degraded by 1.9 dB, i.e. it now has an
actual value of 420 — 1.9 = 18.1 dBm. Its IIP is 18.1 —
20 = - 1.9 dBm. With the Pre-Selector preceding it, the IIP
attheantennais —1.9 + 2=0.1dBm.

The final value of + 0.1 dBm, at the antenna J1 repre-
sents an IIP of 0.1 dBm and an OIP of +27.1dBm at J2.

Several ways of improving the Intermod Performance of
this circuit can be considered:

a. Reduce A1 gain.

b. Raise IIP of X1 by preceding it with a pad. Both of
the above will affect NF. Best choice would be to raise the OIP
of A1, but not easily accomplished without affecting A1 NF.

c. BPF1 can have more loss, thus raising its IIP while
degradation of X1 OIP would not reduce it to 14.5 dBm.
If BPF1 had 6 dB loss, then its IIP would be +21 dBm,
and interfaced with X1, AP = 1 dB and o« = 2.5 dB, would
degrade the OIP of X1to 20 ~ 2.5 = 17.5dBm. Its lIP would
then be +25.5 dBm. The reduction factor a, for A1
would be only 1.05 dB and the OIP of A1 would then be 18.95
dBm, and the IIP of A1 would be -1.05 dBm. J1 IIP
would be +0.95dBm.

Advantage of this analysis is accuracy with speed,
without any great mathematical computation to go through.
Once the scaled graph is plotted a quick glance can
determine the most critical point of the system.

A note of caution concerning filters. Some form of dis-
tortion takes place in filters at higher levels than designed
levels, and the not applicable note should be con-
strued as final. The purpose of this graph is to reduce
the hours it takes to analyze a system down to a maximum
of five minutes, once the steps are understood. O




A 1-200 MHz
Distributed
Amplifier Using
Power
MOSFETs

The use of medium power
DMOSFETs (SD205) in a broadband
configuration are described.

A brief discussion of the desirable
features of DMOSFETs is

given in the appendix.

Ed Fong
Consultant

Introduction

he requirements of broad bandwidth, high gains, higher

powers, low distortion and low cost in amplifiers can
be approached in several ways. One of these is the
distributed amplifier. Traditional configurations usually
suffer from the following disadvantages:

1. The broader the bandwidth, the lower the gain and
vice versa.

2. The maximum usable frequency (fy) is given by
fr=gm/2nC;,. Where C,, is the input capacitance and gm
is the transconductance.

3. Achieving high power at high frequencies is always
a problem since the device must be physically large.
This causes the input capacitance to increase and thus
lowers fr. A highly desirable device is one with large gm
and small C;,. Exotic devices such as GASFETS and
MESFETS achieve this at considerable expense. In addition,
commercially available GASFET devices offer only several
watts at 1 GHz. The cost of these components at
the time of this writing is in the hundreds of dollars.

12

The amplifier described in this paper uses inexpensive
DMOSFETS'? and overall, no exotic components. At low
signal levels (10mW), it offers + 13.5dB = 0.5 dB gain with
a bandwidth of 200 MHz. It has a saturated output of 4.5
watts. The noise figure at 150 MHz is 5 dB and thus one can
conceive of using this in a broadband front-end. As a power
amplifier driver its second order harmonic distortion is
- 26 dB at a 1 watt output level and wasn’t measurable
when the input level was 0 dBm. This is due to the fact that
MOSFETS are square-law devices. The amplifier is in a
distributed configuration used extensively by Ginzton®. This
scheme was first conceptualized by Percival* in 1935. With
the aid of modern devices, higher gains and powers
are achieved.

Design Considerations In
A Distributed Amplifier

It is well known that the fr of a device is given by
gm/2nC;,. If more power is desired, the area of the die must
be increased. This also increases the input capacitance,
Cin. Thus the gain-bandwidth is kept constant. For
example, if the size is doubled so will the input capaci-
tance. If gm remains the same, the cutoff frequency
at the input is halved. Even though the transconductance
may increase due to a large device it will not increase
proportionally at high frequencies with Ci,. If one desires
high gains with high power, it does not seem feasible with
traditional approaches. By paralleling, the power dissipation
can improve, but the gain is still constant since gm and
Cin are increasing approximately at the same rate. The
technique of the distributed amplifier circumvents this
problem. Gain and power is additive and yet capacitance
is not. Cascading in the traditional approach will improve
gain, but not power since the power is limited by the
output device. The first commercially available distributed
amplifiers used tubes. It was manufactured by Hewlett-
Packard®. Several companies have since produced similar
amplifiers®’.

The distributed amplifier uses the principles of an ideal
transmission line. For example, the coaxial transmission
line shown in Figure 1a can be modeled as a combination
of L's and C's as shown in Figure 1b.

The characteristic impedance of such aline is given by (1)

z,= Ve (1)

where L and C are the equivalent distributed inductance
and capacitance in the line. The transmission line has a
limited frequency response as demonstrated by a single
unit length of coax. (See Figure 2.)

The transfer function is given by

Vin

& — 2,
14+ 8S2LC 2

Vo

UN — = = o

Figure 1.

Summer 1980



Figure 2.
The pole is thus given by
1
W3dB(radisec) = \/iC: (3)

If we divide the above by radians and take the reciprocal,
we obtain the time delay of the transmission line per
unit length.

or tgetay = V L C(seconds per unit length) (4)
or V=1/t=1/ JLC (5)

Itis well known that

aoe

t=— (6)
dw

where ¢ is the phase shift per unit length. By performing
the above integral it 1s not difficult to see that

& = w VL C(radians perunitlength) (7)

From (3), the cutoff frequency was given by 1/ VL C.

This is the point where the magnitude is — 3dB and excess
phase shift occurs in the line. (1) is no longer valid at this
frequency. For a detailed understanding. the model in
Figure 1b is not entirely correct. This is because the
first capacitor would be in parallel with a second capacitor
of the same size if a coax cable were connected to it.
The capacitor will add and upset the characteristic line
impedance. This is because the shunt C's must be evenly
distributed throughout the line. An improved model is given
below in Figure 3.

T L T
o= TSI O, YR ST,
= L e 4
| T N |
Figure 3.

In Figure 3 the first inductor is not L but L2 since
it is discontinuous. The remaining L/2 comes from the
transmission line. This lump element model can thus inter-
face with other transmission lines directly without affecting
the match. An ideal resistor can be modeled as an ideal
transmission line. Figure 3 can be redrawn as shown in
Figure 4.

Figure 4 is suitable for an amplifier configuration. It
was mentioned previously that input capacitance of a
semiconductor device limits the maximum frequency of
the device. If the device size is doubled, so is the input
capacitance. Thus the gain does not increase for a given
frequency. Figure 4 shows a distributed capacitance of
value C. This can be the input capacitance of an MOS

r.t. design

Figure 4.

device. The drain line can be designed in a similar fashion
with the output capacitance as the distributed capacitance.
Notice that a bipolar transistor is not ideal for a distributed
amplifier configuration because of the base spreading
resistance r,. This will equivalently shunt the distributed
C’s and introduce losses. A simplified schematic for a
MOS distributed amplifier is shown in Figure 5.

Lvise ¢ L2

L L
=R/ f § J'YYﬂ.fJYYT\L,'_erTA TV goureur

g0 | %

I—J Ls2

DEYZ] - L
‘”":".mmfmrd.ﬂmw Y e
~ M2 ~3 e 5
L] J e L $ﬂo
A \]. A¥ 'S 4

Figure 5.

The distributed capacitance at the input is the gate to
source capacitance of the MOSFET and the distributed
capacitance at the output is the drain to source capaci-
tance. The gain from gate to drain per device is given
by gm-Z,. However, only half the gain appears at the output
because a terminating resistor must be inserted to keep
the impedance constant looking from both directions.
The terminating transmission line can be replaced by a
50 ohm resistor without affecting the performance.
The 50 ohm resistor thus acts as an infinite 50 ohm trans-
mission line.

The operation of the transmission line amplifier can
be explained as follows: as the input signal is applied,
it travels down the transmission line with the distributed
capacitance formed by the input capacitance of each
device. The drain voltage gives an amplified version of
this signal. From the drain it travels in both directions
(left and right). Consequently half the signal is lost in
the pseudo load. However, the other haif travels down
the line to the desired load. After the first inductor, the
signal will suffer a phase shift. The amplified signal at
the drain of M1 will combine with the signal at the drain
of M2. However, to assure that the signal does sum at the
drain of M2, the signals must be in phase. This puts
another constraint on the system. The phase delay (or
equivalently, time delay) from the gate of M1 to M2 must
have the same delay as from the drain of M1 to M2.
Otherwise the signals will be slightly out of phase prevent-
ing an ideal surhmation. According to (7) we must have:

VL Cy= VLG (8

The following conditions must also hold if the system
is 50 ohms and no matching transformers are used.

Zo= VLy/Cp = \L,/Cy =500hms (9)

For optimum summation this says that L;y=L, and
C, = C, Thus the drain capacitance must equal the
gate capacitance. This can be done by adding capacitance
to either the gate or drain depending upon which is smaller.
The gain of the system can be summarized as follows:

13



A .
Vout Vin = —° am
out’Vin Z P agmy {(10)
k=1
or simplifying,
4
A, =n—""gm (11)
2

where n is the number of sections.

In a first-order analysis the power gain is strictly an
additive function. However due to non-ideal conditions
this will not occur. Also, as the input frequency is increased,
the gate of the MOS devices is no longer a pure capacitance.
It begins to see an inductor and a shunt resistance.
For accurate modeling this must be concluded in the cal-
culations. The series inductance may be incorporated
as part of L but the shunt R, which may be as low as 100
ohms at high frequencies must be modeled as a lossy
element. This wiil change the characteristic impedance
of the line.

Substituting (13a) and (13b) into (12), gives

}Lv
\c,
Zo= —-———'—'-T‘ (14)
VAR (e
where f, is given by 4
=4 __
o= 5r e (15)

(14) shows that the impedance approaches infinity when
the input frequency approaches the cutoff frequency. Thus
the transmission line is no longer ideal. This causes a
peaking at the terminating end of the line. This is because
the transmission line's impedance is a function of fre-
quency while the load impedance is constant with tre-
quency. By substituting in (11) the gain should peak at the
upper end. This becomes

ngmR, 1
oo . Av(f) = 5 G — (16)
Response Characteristic of the Line \ ( ¢\
The transmission line described in the previous section = AV max
is called a constant-K artificial line. It has certain charac-
teristics which are not obvious. It is seen by Figure 3 *12vpc
that the transmission line is actually a lowpass filter. }?]’
The characteristic impedance was given byNUC. This is Me
valid for low frequencies. The exact characteristic 2T s s K Lo Ec"’
impedance is given by? Y LY‘#"““TI"TWF‘O’S,‘L,
= -I‘-cs ‘ ics ‘icv ' Ics
V2,2, = = | = :
Zo = ——'z (12) r,-; uo| Le ”“ L6 1T 8 | e =
1 + 1 5:?1 g BT nm.m;,;m t_Hu_‘rTTT\_‘F_l
—422 INPUT | jcs | o e -— RE
nz‘g ce u% (33 ”2 o _{
where  Z; = jwl, (13a) I l Em g I £ 41 G
B ) Ci "_;'Voc
1 cle +SR?
L= because 1
jwCy Figure 6
C14
R7 Dee L2
INPUT Cl Lt L4 L6 L8 L9 c1
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It is evident that oscillations will occur at the upper end,
but with careful loading, it can be minimized. Network
synthesis program SPICE® was used to optimize this design.
To improve the gain flatness, M-derived filter sections
could be used. But a gain fluctuation of = 0.5 dB, obtained
with this amplifier, is more than adequate for most appli-
cations.

A Distributed Amplifier
Using Power MOSFETS

An amplifier using the above principles was constructed
using DMOSFETS (Signetics SD205). The input capacitance
on these devices is 11.0 pFd and the output capacitance
6.0 pFd. Thus in order to have the proper phase velocity,
5.0 pFd must be added to the drain. The inductance was
calculated to be 3.75 nH. A 50 ohm pseudo load was
found to be inadequate in that peaking and at times oscil-
lations occurred. This is shown by (16).

Program SPICE was again used to determine the
optimum resistor. A 30 ohm resistor resuited in a gain of
+13.0 £ 0.5dB and with a — 3 dB point at 200 MHz. Yet the
VSWR never exceeded 1.4:1. With a 50 ohm resistor, gain
and frequency response improved (16.0 =2.0 dB up to
280 MH2) but gain linearity was poor. The inductors
chosen were found to be optimized when compared to
computer results.

The saturated output with TO-5 fin heat sinks was 4.5
watts. This value can be increased if more elaborate
heat sink techniques are utilized. However, this is physically
difficult with the TO-5 package. Because of the broad
bandwidth, the amplifier performs well as a power pulse
amplifier. With a + 13.0 dB gain and a 1.0 V P-P output,
it has a 1.73 nanosecond rise time.

The amplifier has an advantage that it can be overdriven
without suffering a charge storage time as associated
with the base in bipolar transistors. This is ideal for
applications where the recovery time is of primary con-
cern. This occurs MOSFETS are majority carrier devices.
The time delay is calculated by the following relationship

TDelay = \l("'ToraI)2 - (Tlnpu! P2 (17)
The data for the risetime was taken from Figure 8.
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HP'S BROADEST SELECTION OF PRECISION RF SIGNALS "l

Precision signals
from 10kHz to 2600 M Hz.

Ext. AM/
Pulse

AM: 0-100%
FM: 0-1 MHz Dev,
1 MHz Rate

AM: 0-100%
FM: 0-100 kHz Deyv,
Phase-Locked Rate

Phase Modulation
0-200910 MHz Rate

il
-«
i
-
Choose
Keyboard -

or Thumbswitch ¥
Mainframe

Phase Modulation:
0-200° 1 MHz Rate
FM: 0-2 MHz Dev.

Output Section
10 kHz-110 MHz

Output Section
1-1300 MHz

Output Section
1-2600 MHz

= HP-IBor
BCD
Programmable

HP’s 8660 Synthesized Signal
(Generator Series.

Choose a modulation capability for your exact
frequency range. You can get the precise combi-
nation for the modulated signais you need.

For manual operation, choose the HP 8660C
mainframe. It features keyboard entry, digital read-
out, 1 or 2 Hz resolution, and digital sweep.

For systems operation, the HP 8660A main-
frame features thumbswitch entry. Both mainframes
are completely programmable with the HP
Interface Bus (IEEE 488) or BCD.

| DESIGNED FORI

SYSTEMS

B O

HEWLETT
PACKARD

Complete systems start at $10,750* and a
typical keyboard mainframe with 1300 MHz output
and AM-FM modulation is $21,175*

3 application notes are available. 164-2 HP-IB
Programming, 164-3 Testing Phase Lock Loops,
164-4 Digital Modulations.

For our 20 page brochure or the application
notes call your nearby HP field sales office, or write,
1507 Page Mill Road, Palo Alto, CA 94304.

*Domestic U.S. prices only.

04914
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Figure 10. Photo of the amplifier
showing the transistor mounted on

A schematic diagram and parts layout is shown in Figure
6 and 9 respectively. Notice that the DMOSFETs are
mounted on the bottom side of the printed circuit board
to provide ease of heat sinking as shown in Figure 9.

Conclusion

A guide for the design of distributed amplifiers has
been presented. Although this technique is not new, its
principles can be applied to state-of-the-art devices where
broad bandwidths can be achieved. A design example was

#J the side opposite the components.

given for a medium power amplifier using inexpensive
DMOSFETs. With the aid of Computer Aided Design
(CAD), the amplifier has a — 3 dB bandwidth of 200 MHz
with 13.0 =0.5 dB of gain. It has a saturated output of
4.5 watts.
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magnetic shielding
requires precision
manufacturing

Over 20 years of experience in the design,
production, quality control and inspection of
magnetic shielding assures precision products
that stand up to the closest check.
FREE—send for our new brochure on magnetic
shielding alloys and photomultiplier tube shields.
Whatever your application, let M.R.L. meet your needs.
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MANUFACTURERS
These words are being read by 24,761
rf design-ers who need your products.
Letus help you reach them.
Call Phil Cook atrfdesign
{303) 988-4670
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Forget everything you
know about pulse generators.

You've just discovered
our Model 4001 Ultravariable
Pulse Generator™—so much
more flexible and economical, it
dramatically simplifies a/l your
digital designing and testing.

It starts with a smarter
way to set pulse parameters:
pulse width and pulse spacing
are each independently and
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Triggered, Gated, One-Shot—
the 4001 features pushbutton-
selected square-wave and
complement output modes.
Plus a variable-amplitude out-
put, a fixed TTL output, a lead-
INng sync pulse output and
lots more.

Now discover the sur-
prisingly low price: $235*
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Noise Bandwidth of Chebyshev Filters

Theory, basic language program and example of filter noise bandwidth determination.

Jack Porter, Cubic Corp., San Diego, Calif.

eceiver sensitivity calculations often require values
for the noise bandwidths of the filters used in the
receiver. Although noise bandwidth is often approximated
by the half-power (— 3 dB) bandwidth, for some types of
filters the noise bandwidth is significantly greater or less.
The one-sided noise bandwidth of a low-pass filter with
transfer function H(jw) is usually defined as

o0
f IH(jw)|? of
(o]
Bp=f e

|Hjw, )I?

where |H(jw,)| is the magnitude of the transmission at
DC.' If white noise is applied to such a filter the noise
power at the output is the same as that which would
appear at the output of a rectangular (brick-wall) filter
with transmission |H(jw, )| and bandwidth B,.

Although the noise bandwidth is defined for a low-pass
filter, it has been shown that the ratio of noise bandwidth
to filter bandwidth is invariant when the low-pass to
bandpass transformation is made?. Thus results obtained
for low-pass filters also apply to bandpass filters of the
same type.

Various methods of integration have been used to
evaluate noise bandwidth. The simplest is the method
used by Ku3. He showed that the noise bandwidth of any
all-pole filter is simply nc/2, where ¢ is the shunt capa-
citance adjacent to the open-circuited end of a single-
terminated low-pass prototype filter of that type.

These capacitance values can be obtained from tables,
such as those in Zverev’s handbook? but this isn’t
necessary for Chebyshev and Butterworth filters. A paper
by Orchard® gives explicit formulas for the capacitor
values for these filters. When they are substituted for
¢ in the above relation by Ku, the formulas in Figure
1 resulit.

Since the Chebyshev prototype element values cal-
culated from Orchard's formulas are for a ripple band-
width of 1 radian/sec, the value of B, calculated from

Noise Bandwidth “Calcs” Program Steps

Figure 2.

100 PRINT “CHEBYSHEV FILTER NOISE BANDWIDTH"
110 C1=LOG (10)/20

120 PRINT

130 PRINT “N, AM (DB)"’;

140 INPUT N1, AO

150 IF N1<1THEN 390

160 X1=1.570796/N1

170 B1=X1/SIN (X1)

180 IF AO>0 THEN 210

190 PRINT “BNh =", B1

200 GOTO 120

210 A1=EXP(C1*AQ)

220 A2=A1"A1

230 BO=LOG(1+ 2/(A1 - 1)

240 X1=EXP (B0/(2"N1))

250 B1=B1" (X, + 1/X}2

260 A3=2

270 IF N1>2*INT (N1/2) THEN 310
280 B1=B1*A1

290 A3=A3"A2

300 GO TO 320

310 B1=B1/A1

320 X1=SQR(A3— N(A2-1)
330 X2=LOG (X1+ SQR(X1*X1- 1))
340 X1=EXP (X2/N1)

350 W1=(X1+1/X1)/2

360 B2=B1/W1

370 PRINT“BN=";81,“BNH="; B2
380 GO TO 120

390 END

Ay = 10tAmi20)

1 2
f =2tanh-1 =In [1+
A, Ay -1

n

1 2N B
=y cosh|—_1 For N Odd

Bn = Av n 2N

sin

Gl
erd

p \
cosh (—— ) For N Even
2N

Figure 1.

A= 2 For N Odd

3 1 A,y =5 B,
wy = cosh ——jcosh-1 Boy = —
N Af 4 wy

For Butterworth Filters:

()

N: Number of poles
A.,: Peak-to-Peak Passband Ripple in dB
B,: Ratio of One-Sided Noise Bandwidth to Ripple Bandwidth
B,y Ratio ot One-Sided Noise Bandwidth to Halt-Power
Bandwidth

Ay =2A% For N Even

g le

r.f. design
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design your
own band pass

FILTERS

TYPE TUNABLE

Req. Range: 48-4000 MHz « %
Bandwidth: 1% to 8% « Number of
Section: 3 or 5 » Size: 3'/4¢ x 5%
16 X 9'/16 Max » Octave Tuning.

CAVITY

Req. Range: 30-8000 MHz « %
Bandwidth: 0.2% to 3.0% = Number
of Section: 2 to 6 « Size:
13" x4%' ' x 7% « Low Loss.

LUMPED
COMPONENT

Req. Range: 4-400 MHz » %
Bandwidth: 2% to 80% « Number of
Section: 3t0 8 » Size: 1'/16x 1% 2% *
Small Size.

COAXIAL

Req. Range: 10-10000 MHz « %
Bandwidth: 0.5% to 70% « Number
of Section: 2 to 12 « Size: % Dia. to
1Y% Dia. « Maximum Flexibility

WAVE GUIDE

Req. Range: 4-18 GHz » %
Bandwidth: 0.2% to 5% ¢ Number of
Section: 1 to 6 » Size: WR- to WR- »
Low Loss. 7

PREMIUM DELIVERY AVAILABL

CONSULT FACTORY

T Mil Qualification Available

2446 North Shadeland Avenue ¢ Indianapolis, Indiana 46219
Ph: 317-357-8781 « TWX: 810-341-3184 « Telex: 272110

REPRESENTATIVES

IMR, South Chelmsford, Massachusetts 01824 - RDI, 210-30 23 Av-
enue, Bayside, New York 11360 - PRW CORP., 162 Highview Terrace,
Dover, New Jersey 07801+ Q. T., 7127 Little River Turnpike, Suite 205,
Annandale, Virginia 22003 » SPARTECH, P.0. Box 1285, Smyrna,
Georgia 30080 « TRUEX, 4864 South Orange, Orlando, Florida 32806 »
MICRO SALES, P.0. Box 450, Centerville, Ohio 45459 « PALATINE
SALES, 221 W. Market, Derby, Kansas 67037 - AIREP, 10155 Plano
Road, Dallas, Texas 75238 ELECTRONIC INSTRUMENT ASSOC., 5604
North Western Avenue, Chicago, lilinois 60659 « CLEVELAND OF COL-
ORADO, Parker Plaza Office Complex, 1602 S. Parker Road, Suite 102,
Denver, Colorado 80231 - CLEVELAND ENTERPRISES, 6201 Copper
Avenue N. E., Albuguerque, New Mexico 87108 - RF ASSOCIATES,
INC., 1621 Pontius Avenue, Los Angeles, California 90025 « RF AS-
SOCIATES, 800 San Antonio Road, Palo Alto, California 94303
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these is the ratio of noise bandwidth to ripple band-
width. To obtain the ratio of noise bandwidth to haif-
power bandwidth B,4, B, has to be scaled by the half-
power bandwidth wy of the prototype filter

The same formula is often used in the literature for
calculating the half-power bandwidth of both odd and
even order Chebyshev filters. The value of wy calculated
from this is the frequency at which the response is
3 dB down from that at the ripple peaks. It seems
more correct to define the half-power bandwidth as the
frequency at which the response is down 3 dB from that
at DC for low-pass filters or center frequency for band-
pass filters. This definition results in a different formula
for even-order filters.

Figure 3.

Chebyshev Filter Noise Bandwidth
N, AM(DB)? 3. .1
BN = 1.44178 BNH = 1.038
N, AM (DB)? 4, .1
BN= 1.26134 BNH = 1.03637
N, AM(DB)? 11, .1
BN= 1.0193 BNH = .992162
N. AM(DB)? 12, .1
BN = 1.03799 BNH = 1.01427
N, AM(DB)? 3, .5
BN = 1.16659 BNH = .999231
N, AM(DB)? 4. .5
BN = 1.19565 BNH = 1.08074
N.AM(DB)? 4. 1
BN = 1.22553 BNH = 1.14086
N, AM(DB)? 5. 1
BN = .943285 BNH = .912431
N. AM(DB)? 5, 2
BN = .826565 BNH = 816972
N. AM(DB)? 6. 2
BN = 1.29422 BNH = 1.26562
N. AM(DB)? 11. 2
BN = .8009 BNH = 798965
N. AM(DB)? 12, 2
BN = 1.26767 BNH = 1.26057
N. AM(DB)? 5,0
BNH = 1.01664
N, AM(DB)? 0,0

Figure 3 shows the vaiues of B, and B,y calculated by
the program for several values of N and Ap,.
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S 12.5 Volt DC-300 MHz Series

Typlcal Suggested
Test* Power Out Typlcal Max Supply
. i
N P“:e Freq  (Watts) Gain (dB) Voltage 83" n . gﬁm Comments
umber  MHz) @125VDC 12.5V,175MHz  (VDC) DSS
DV1202s 175 25 10 24 50 17.6
DV4202W 175 25 10 24 50 144  WasDViO0OH
DV1205S 175 5 10 24 50 8.8
DV1205W 175 5 10 24 50 7.0
DV1210S 175 10 10 24 50 44
DV1210W 175 10 10 24 50 35
DV1220S 175 20 10 24 50 22
DV1220W 175 20 10 24 50 18
DV1230T 175 30 10 24 50 1.5
DV1230W 175 30 10 24 50 1.2
DV1240T 175 40 10 24 50 11
DV1240W 175 40 10 24 50 9
DV1210Y 175 10 20 24 50 8D Two stage hybrid
DV1220Y 175 20 20 24 50 TBD  Two stage hybrid
DV1230Y 175 30 20 24 50 TBD Two stage hybrid
* All parts tested at 20:1 VSWR
Note: See application notes AN80-4, AN80-6
Power Out vs Frequency Ordering Information
1500 DX XX XXx X
’ T | T—Package Code
00.!
1ao.:: Power Output (Watts)
50.0 DV 1240T/W — ]
g DV 1230T/W DV 1230Y ; :- '__' _ Suggested Operating
;_ 250 OV 1220S/W DV 1220Y - Voltage
E DV1210S/W DV1210Y T
a 100 ==
5 Frequency Range
g oo DV12058/W — H=DC- 30 MHz
8 V=DC- 300 MHz
« 20 DV12025/W ] U=DC-3000 MHz
1o Package Codes
§ = 380SOEF W = C-220 Standard
. Ui 450 800 1000 T = 500J0F X = C-220 Push-Pull
FREQUENCY (MHz)
U = S500SOEF Y = C-220 Hybrid
V = Push-Pull Z = 280SOE
Package Types
Package Type S Package Type T
380SOEF S00JOF

© 108N SilirAniy



28 VoIt Push-Pull DC-300 MHz Series

Typical Suggested
Part Test* Power Out Typical Max Supply Min 6)c
Number Freq (Watts) Gain (dB) Voltage BVpss (°CIW) Comments
(MHz) @ 28VDC 28V, 175 MHz (VDC)

Dv2810v 175 10 10 35 80 8.8
DV2810X 175 10 10 35 80 70
DV2820V 175 20 10 35 80 44
DV2820X 175 20 10 35 80 3.5
DV2840V 175 40 10 35 80 22 Was DV1110
DV2840X 175 40 10 35 80 1.8
Dv2880vV 175 80 10 35 80 11 Was DV1111
DVv2880X 175 80 10 35 80 9
DV28120V 175 120 10 35 80 .73 Was DV1142
DV28120X 175 120 10 35 80 b
* All parts tested at 20:1 VSWR

Note: See application notes AN80-4, AN80-6

Power Out vs Frequency Ordering Information
DX XX XX X

1900 DV28120V/X T ~T T™—Package Code

DVv2880V/X

DV2840V/X

100.0
80.0
50.0

Power Output (Watls)

Suggested Operating
DV2820V/X Voltage

25.0 e
100 - Frequency Range

H=DC- 30 MHz
V=DC- 300 MHz
U=DC-3000 MHz

Package Codes

5.0

POWER OUTPUT (WATTS)

20

1.0

S = 380SOEF W = C-220 Standard
S LY 178 450 800 1000 T = 500J0F X = C-220 Push-Pull
FREQUENCY (MHz)
U = 500SOEF Y = C-220 Hybrid
V = Push-Pull Z = 280SOE

< Package Type X
Push-Pull

S2..° Package Type Y
> Hybrid

Package Type Z
280SOE




Linear Performance Review
of Selected RF Power FETs

Two-tone, 3rd-order intermodulation tests have been conducted on 4 typical Siliconix RF Power FETs, the
DV2820S, DV2840S, DV2880T and DV28120T. The following graphs provide the Two-Tone Intercept Point
(tones separated by 30 KHz).
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Siliconix incorporated

401 Broad Hollow Rd , At 110
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(516)694-8474

Twx 510-224.6508

Siliconix incorporated
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Southwestern

Siliconix Incorporated
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Santa Ana, CA 92701
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Twx 910-595-2643
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Siliconix Incorporated
2201 Lauretwood Ad
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Siliconix SARL
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Siliconix (Taiwan) Ltd
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28 Volt DC-300 MHz Series

Typlcal Suggested
Part Test* Power Out Typical Max Supply Min ol
Number Freq (Watts) Gain (dB) Voltage BV (°CIW) Comments
(MHz) @28VDC 28V,175MHz  (VDC) pss
DV2805S 175 5 10 35 80 17.6
DV2805W 175 5 10 35 80 141
DV2810S 175 10 10 35 80 8.8
DV2810W 175 10 10 35 80 7.0
DV2820S 175 20 10 35 80 44
DV2820W 175 20 10 35 80 35 asDV1006
DV2840S 175 40 10 35 80 2.2
DV2840W 175 40 10 35 80 18 WasDVI007
DV2880T 175 80 10 35 80 11
DV2880U 175 80 10 35 80 11 Was DV1008 (Note)
DV2880W 175 80 10 35 80 0.9
DV28120T 175 120 10 35 80 .73  Was DV1009
DV28120U 175 120 10 35 80 .73  Was DV1010
VMP4 200 10 10 30 60 5.0
*All parts tested at 20:1 VSWR
Note: See application notes AN80-4, AN80-6
Power Out vs Frequency Ordering Information
1500 DX XX XX X
' DV28100T/U - T [ T—Package Code
1:‘;2 D === Power Output (Watts)
50.0 DVZMOSM —
g T Suggested Operating
g 20 DV2820S/W — Voltage
5 DV2810S/W VMP4 A
a 100 ====
5 | [ Frequency Range
g 5.0 e — e H=DC- 30 MHz
H V=DC- 300 MHz
s U=DC-3000 MHz
2.0
o Package Codes
S = 380SOEF W = C-220 Standard
06 178 40 800 1000 T = 500J0F X = C-220 Push-Pull
FREQUENCY (MHz)
U = 500SOEF Y = C-220 Hybrid
V = Push-Pull Z = 280SOE
Package Type W
Package Type U Package Type V C.220

S00SOEF

Push-Pull

Standard




[ 1 High-Voltage,

siiconix  High-Frequency Modulator Series

A high voltage series is in development offering breakdown voltages up to 500 Volts at 8 Amperes, metal-

gate power RF FETs.

Engineering samples currently available in C-220 (W) and S00SOE (V). Contact factory for price and

delivery.

28/50/400 VoIt Linear Series (S.S.B.)

In development. Sample availability First Quarter 1981.

Manufacturing Facilities

UNITED STATES UNITED KINGDOM
Siliconix Incorporated Siliconix Ltd.

2201 Laurelwood Rd. Morriston SWANSEA SA6 6NE
Santa Clara, CA 95054 Tel: (0792) 74681

Tel: (408) 988-8000 Tix: 48197

Tix: 910-338-0227

©1980 Siliconix incorporated

HONG KONG
Siliconix (HK) Ltd.
5/6/7th Floors

Liven House

61-63, King Yip Street
Kwun Tong, Kowloon
Tel: 3-427151

Tix: 74449SILXHX

TAIWAN

Siliconix (Taiwan) Ltd.

Nantze Export Processing Zone
Kaohsiung

Tel: 362010, 362019

Tix: 78571235
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Simple Transmission Line
Matching Circuits

Seven methods of providing approximate and exact
circuit matching soiutions using transmission lines.

Andrzej Przedpelski
A.R.F. Products, Inc.
Boulder, Colorado

For some reason there seems to be an aura or mystery
about transmission line matching circuits. With the
exception of the widely used quarter-wave transformer
to match real impedances’, the usual approach is to de- [Xa]
sign the circuit on paper using lumped elements and —j28 r
then transform it to an equivalent distributed configura- 1 Matching
tion. Probably, this is a result of most of us being weaned i3 Circuit
on lumped circuits and regarding transmission lines as a O_L
é [Ra) [Rb]
] 5 j 50
c L

necessary evil. Converting lumped capacitors and inductors
Figure 1. Typical Example of a Matching Problem.

to distributed equivalents, however, is not an accurate
method in most cases. It is just as easy to obtain
the exact desired results by attacking the problem in the
distributed form from the beginning.

The following discussion will show both approaches and
methods for obtaining exact results, as well as the more
common approximate solutions.

To facilitate the discussion, a simple matching problem
will be analyzed. Figure 1 shows the requirement for
matching a complex impedance 5-j28 to a real impedance
of 50 ohms. Only the simplest circuits will be
considered. determined. Figure 2 shows the four possible two-

pole matching configurations?. These then have to be con-
A . verted to the distributed equivalents. Litty® describes the
Method 1: Substitution Of most common method of using a high impedance line as a

. o - . i series inductance and a low impedance as a shunt
Equ'valent DIStl’lbUted CerUIt capacitance. Figure 3 shows the design formulas. It can be

The lumped element matching circuits have first to be seen that only circuit a of Figure 2 can be thus con-

o—TTTL - 0 o— T 0
@ +)43.00 J_ ®) +j13.00

j 16.67 +j16.67

= +j74.77 ’ —j74.77
& +j39.42 @ +)22.80

Figure 2. Four Possible 2 Pole Matching Circuits.

r.f. design 27



(43.00]
Z;
XL Zq 9,
- (YY L : 91 —_— —
Xe = & . W O i 18 +O
[-j1667] | geio A0
XL
9; = tan -1 7 Z, = 1002 S 23.27°
) Z,= 102 ©, = 3096°
Xc
0, = cot-1| —
Z;
Zy =1000Q ©, = 2.46°
Z,= 19 0,=2343°
Z,
=tan-1|—
Xc
j21.20 j0.69
RS SEIRNR s G0 ¢ 20
U Reges
2 53.06 Zin Transformed_ & 49.85 iy
. Impedance i
IF] = 0.204 Ir] = 0.007
VSWR = 1.51 VSWR = 1.014
Figure 3. A Common Approximation.

verted. The others have parallel inductances and/or series
capacitors, which cannot be converted by this method.
Since the impedance to be matched is 50 ohms, a higher line
impedance was chosen for the inductance and a lower one
for the capacitance. The actual choice is left up to the de-
signer. The two cases shown are for a narrow and wide
spread of line impedances, respectively. Using the chosen
values of Z; and Z,, and the calculated values of
©, and 6, we can transform the original impedance of
5-j28 to a new impedance by using:

Zou!

+/jtan @T
Z; Zr
VA SPLL TS s, (1)

Zout
1+ /’—ou tan Oy
V4

T

twice ¢, 3.
To determine how good a match is obtained, the re-
flection coefficient || can be calculated using:

Zin — 2
M =— 2
Z,'n + ZO
and, if desired, the VSWR can also be obtained:
1+ |
VSWR = (3)
pre il

The calculations of Figure 3 show that, for reasonable
values of Zy and Z, (100 and 10 ohms respectively), a
reflection coefficient of 0.204 and a VSWR of 1.51:1 can
be obtained. To improve these figures unreasonable im-
pedance values have to be used. In this example, Z, and
Z, of 1000 and 1 ohm, respectively, will result in a
reflection coefficient of 0.007 and a VSWR of 1.014:1.

Method 2: Another Distributed
Circuit Substitution

Matthaei® shows another substitution method, shown in
Figure 4. Again, using equations 1, 2 and 3 the
resultant reflection coefficient and VSWR can be calculated.
The respective values are very similar and are shown in
Figure 4 for the same line impedance values used in the
Method 1 example. To obtain a low reflection coefficient
and VSWR, unreasonable line impedance values have to be
used.

X

(143.00] ,
L
O M = 0
l Xc
I [-]16.67)
Zw!l LV
XL = — S e
Vv w!
| e
@ Z, = 1009 0, = 0.43rad=24.64° @
Z,= 10Q ©, = 0.60 rad = 34.37°
Ir| =0.274
VSWR = 1.755

Figure 4. Another Approximation.

@S

o -O

w!
where — = electrical length, 9, in radians
\Y

w! n
and —<—
V.

or< 45°

Z,
Z;

1000Q 0, = 0.043rad =2.46"
1Q 0, = 0.060 rad = 3.44°

Ifl =0.003
VSWR = 1.006
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~j28 +j28 5:50

Approximate

Equivalent Z, =
Distributed 0,
Transformed

tmpedance 10-75

Xy
O, =tan-'|{ — ]} = 15.64°
e Z,/ forz,= 100Q

z
53.91 IN
e Z, =/5X%X50 = 15.81Q
= IF| = 0.038
VSWR = 1.08

Figure 5. Matching Circuit Using Quarter-
Wave Transformer.

Method 3: Quarter-wave Transformer
Plus a Reactance

In this approach the reactance is first “tuned out” and
then the resulting resistance is transformed by means of a
quarter-wave transformer, as shown in Figure 5.

In the example shown, an inductance is needed to
cancel the capacitive reactance. The method 1 approach
can be used to determine the length of the required
line for a given line impedance and the length of the
quarter-wave transformer can be calculated by using the
well known relationship:

Z,=\Z;x50 (4)

The results (reflection coefficient of 0.038 and VSWR
of 1.08:1) are considerably better than those obtained
using Methods 1 or 2. This solution is suitable when
Xa is capacitive.

-j28
Xa

5 50

\[Ra(Rb)’ —(Ra? + Xa?) Rb
2=
Rb — Ra

Z(Ra - Rb)
EEitaps Sl —=——=——="
— Rb Xa
No solution in this case

Figure 6. Simplest Exact Matching Circuit.

Method 4: Single Transmission
Line — Exact Solution

This is the simplest method, shown in Figure 6% Un-
fortunately it does not give a solution in all cases.
When it does, however, the match is exact.

Method 5: Exact Two Line Solution

This is an extension of Method 4. It is obvious
that if a solution cannot be obtained with a single
transformation, two lines can be used, the first one
transforming to some intermediate impedance and the
second, using Method 4, to the final desired impedance.
(See Figure 9) Many versions of this approach are
possible. The simplest, using a programmable calculator,
is the trial-and-error method, where convenient values of
Z; and 0O, are selected and then Z, and ©, are
calculated (using Method 4). If no solution exists or if the
values are not convenient, another set of Zy and 04 are
chosen and the process is repeated until desired re-
sults are obtained. The entire procedure, using a pro-
grammable calculator is quite simple and fast. The obtained
match is exact, since no approximations are made and
the exact transformation equation (1) is used.

A suitable program for an HP-19C (29C) calculator is
given in Table I. Using this program some typical
matching solutions to the problems of Figure 1 are
shown in Figure 9. Z; and O are chosen to be the
same as in Method 1 and 3 examples to show the
magnitude of the error introduced by these approximations,

Method 6: Quarterwave Transformer
Plus Line — Exact Solution

Two transmission lines are used: one in parallel
with the complex impedance and the other, 90°
long, in series, as shown in Figure 7. The shunt line
tunes out the reactance of the complex impedance
and the series line, being a quarter-wave transformer,
matches the remaining resistance to 50 ohms. Two
possible configurations exist: shunt line shorted or open.”
The reactance of the shorted line is:

Z5,90° Z, 90°
2y 24
0, 9,
Z,=50Q ©0,=120.0° Z,=50Q ©,=230.0°
Z,=89.99 Z,=89.9Q

Z,=100Q ©,=106.1°
Z,=89.9Q

Z,=100Q ©,=16.1°
2,=89.9Q

Figure 7. Exact Solutions Using Quarter Trans-
former Plus Line.

r.f. design
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Z(Shorted Stub) = 12, tan O, (5)

And of the open line:

Zy

L iy (6)
(Open Stub) jtan o,

The calculator program of Table Il performs all the
necessary calculations:
® The series complex impedance is converted to parallel
form,
® 0, is determined using (5) or (6)
tune out the reactance,
® Z,is determined using (4).

The program is suitable for both the shorted and open
configuration, depending upon whether a 1 or a 2 is
stored in register 0.

necessary to

Z,,90° z,90°
O O+
z
Za =
0, !
Z,=50Q ©,=79.9° Z,=50Q ©,=1699°
Z,=15.8Q 2,=15.8Q
Z,=100Q ©,=849° Z,=100Q ©,=174.9°
Z,=158Q Z,=15.8Q

Figure 8. Another Exact Quarterwave Transformer
Solution.

0

Z,=100Q |To Correspond Z. =1522Q
©,=15.64° |With Figure 5 0.=90.27°
Z.=10009 [To Correspond Z.-6.379
0, =23.27° {With Figure 3a 0,=24.43°
Z,=100Q |To Correspond Z,=1.34Q
©,=246° [With Figure 3b 0,=4.61°
Z,=50% Chosen Z.=13.77Q
0,=30° at random 0,=87.80°

Figure 9. The Two Line Exact Solution.

Method 7: Another Exact Solution Using
A Quarter-wave Transformer Plus Line

This is Method 6 with the two lines reversed, as shown
in Figure 8. The procedure is somewhat more complicated.
The quarter-wave transformer impedance is chosen so that
the R, + jX, is transformed into 50 + jX. The shunt line
then “tunes out” the jx leaving 50 ohms, therefore providing
a “perfect” match. Again, the shunt reactance is calculated
using (5) or (6) and the transformation using (4).

The calculator program of Table Il performs all the
necessary calculations and obtains ©; and Z, for any
chosen value of Z,.

Table IA
Input Output
Step Instructions Data/Units Keys Datal/Units

1 Enter Program
2  Store Source and 50 STO 1

Load Impedances Ra STO 6

Xa STO 7

3  Select and Store First Z, STO 8

Transmission Line Impedance  ©4 STO 9

and Electrical Length
4  Calculate Second Transmission (g) LBL

Line Impedance and 0 2,

Electrical Length [}

5 Repeat Steps3and 4
For Other Z,, and ©, values,
If Desired

Note: Use 04, Electrical Length,
In Degrees or Radians (Whichever
Your Calculator is Set to), 9,

Will Be in the Same Units

Table lIA
Input Output
Step Instructions Data/Units Keys Data/Units
1 Enter Program
2  Store Source And 50 STO 1
Load Impedances Ra STO 2
Xa STO 3
Select Z, and Store Z4 STO 4
Select Open or Shorted lor2 STO 0
Z, Line Configuration
1 For Shorted
2 For Open
5 Calculate 0y And Z; Gss 0 9,
Z;

6 Repeat Steps3,4and5
For Other Z, Values
And Configuration, If Desired
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Table IB
Step Key Entry Key Code Comments STO3 4503
001 (g)LBLO 251400 X2y 11
RCL9 5509 STO 4 4504
(fy tan 16 44 RCL 3 55108
STOO0 4500 (g) x2 2553
RCL 6 55 06 RCL 4 55 04
X 5 040 (g) x2 2553
RCL 8 5508 + 41
RCLO 5500 RCL 1 55 01
RCL 7 5507 X 51
010 X 51 RCL 1 55 01
- 31 (g) x2 2553
(g)—P 2534 RCL 3 5503
STO 2 4502 X 51
R il2 - 3N
STO5 4505 RCL 3 5503
RCLO 5500 050 RCL 1 55 01
RCL 8 5508 - 31
X 51 - 61
RCL7 55|07 (fyn/axrs 16 53 Zy
020 + 41 PRx 65
RCL 6 55 06 RCL 1 5501
(g) =P 2534 RCL3 5503
RCL2 5502 - 31
s 61 X 51
RCL S8 5508 RCL 4 55 04
X 51 060 RCL1 55 01
X2y 11 X 51
RCL5 55 05 + 61
- 31 (g)tan-—1 2544 0,
030 X 2Y 11 PRx 65
()—~R 16 34 (g) RTN 2513
Registers
0 1 JE10) 2 3 4 5 6 Ra 7 Xa 8 Z, 9 09
S0 S1 s2 S3 s4 S5 S6 s7 S8 S9
A B C D E |
Conclusions

The above analysis indicates that several methods exist
to provide an exact match (at one frequency) using simple
transmission line circuits. Therefore it seems unnecessary
to use the common approximations. It is true. that in
most cases the calculations may be more complicated

for the exact methods. However. the programmable
pocket calculator performs all these calculations with a
Table INA
Input Output
Step Instructions Data/Units Keys Data/Units
1 Enter Program
2  Store Source And 50 STO 1
Load impedances Ra s§TO 2
Xa STO 3
3  Select Zy and Store Zy STO 4
4  Select Open or Shorted 10r2 STO 0
Z, Line Configuration
1 For Shorted
2 For Open
5 Calculate Z; and Oy GSB O 2,
o]
6 Repeat Steps 3.4and 5 For
Other Z, Values and
Contiguration. It Desired

r.t. design

minimum of effort. in addition. the programs permit quick
changes in line characteristics to obtain the optimum
physical configuration (short to ground, high impedance
to ground, suitable line lengths and widths, etc.).




Table liB

Key Code

Step Key Entry Key Code Comments Step Key Entry Comments
001 (g)LBLO 251400 STO5 4505
RCL 3 5503 020 R¢ 12
RCL2 5502 RCL1 5501
(g)—=P 2534 X 51
(g) 1/x 2564 fivx 16 53
(Hh—R 16 34 PRx 65 2y
(g) 1/x 2564 STO6 4506
x 2y 11 (g) RTN 2513
GSBi 1312 (gyLBL 1 251401
010 (g)tan-1 2544 (g) 1/x 2564
(g) x>0 2541 RCL 4 5504
GTO3 1403 030 - 61
1 01 CHS 22
8 08 (g} RTN 2513
0 00 (g LBL2 251402
+ 41 RCL 4 5504
(g)LBL3 251403 X 51
PRx 65 9, (g) RTN 2513
Registers
0 1or2 1 50 2 Ra 3 Xa | 4 2 5 ] 6 7 ] 8 9
S0 S1 s2 S3 S4 S5 l S6 4 s7 S8 S9
A B @ D | I 1
Table 1B
Step Key Entry Key Code Comments Step Key Entry  Key Code Comments
001 (g)LBLO 251400 - 61
RCL 2 55 02 RCL1 5501
(g) x2 2553 X 51
RCL3 5503 RCL 4 5504
(g) x2 2553 = 61
+ 41 GSBi 1312
RCL 2 55 02 030 (g)tan-1 2544
- 61 (g) x>0 25 41
RCL3 5503 GTO3 1403
010 RCL 2 5502 1 o1
+ 61 8 08
(g) x2 2553 0 00
1 01 + 41
+ 41 (g) LBL 3 251403
+ 61 PRx 65 O
Hvx 16 53 STOS5 4505
RCL 1 5501 040 (9) RTN 2513
Hvx 16 53 (9)LBL1 251401
X 51 (g) RTN 2513
020 PRx 65 Z5 (g)LBL2 251402
STO6 4506 (9) 1/x 2564
RCL 2 5502 CHS 22
RCL3 5503 (9) RTN 2513
Registers
0 lor2 1 50 2 Ra 3 Xa 4 Z4 5 6 7 8 9
S0 s1 s2 S3 S4 S5 S6 s7 s8 S9
A B C D E |
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Class E Switching-Mode
RF Power Amplifiers

Typical characteristics include low power dissipation, low sensitivity to
component tolerances (including transistor), and well-defined operation.

By Nathan O. Sokal. President
Design Automation, Inc.

Alan D. Sokal

Department of Physics
Princeton University

lass E switching-mode RF power amplifiers offer high

efficiency (consequently low power dissipation, low
junction temperature and high reliability) and low sen-
sitivity to component tolerances, including transistor
characteristics (consequently manufacturing reproducibility).
Circuit operation is well-defined and predictable; measured
performance agrees with design calculations to within
measurement error.

Shortcomings of Conventional Class B
And C Amplifiers, and Advantages Of
ClassE

The Class E amplifier’ can now replace Class B and C
transistor RF power amplifiers in most applications, yield-
ing improved performance, reliability and manufacturing,
and moving the design procedure from the realm of
“art” to that of ‘“science.” The theory and operating
characteristics of Class E circuits have now been verified
independently by a number of organizations; some have
published their results #**. Al confirm the information
given in the original publication'. To understand the
advantages of Class E circuits, let us first review the present
status of conventional Class B and C circuits.

Conventional Amplifier Design

Class B and C transistor power amplifiers are usually
designed empirically; the pubtished design equations only
provide a starting point for the empirical work. The resulting
amplifiers are generally considered to be quite sensitive
to variations of transistor characteristics and f{oad-
network component values, although a priori predictions
of these sensitivities are never given. It is common
(even necessary in some cases) for an equipment manu-
facturer to require that transistors be purchased from the

r.f. design

one vendor around whose transistor the circuit was
designed. If transistors of the same type-number from
another vendor are used, it is often necessary to change
the circuit design substantially to accommodate the
substitute transistor, even though the two transistors
are marked with the same type-number and meet the same
set of specifications. Unfortunately, it is not possible to
make a priori predictions of the variation of amplifier per-
formance with frequency or with deviations in component
values; hence a priori evaluation of design trade-offs
(commonly done in other electronic designs) is not feasi-
ble for these conventional amplifiers. That places a severe
limitation on the possible degree of design optimiza-
tion. It also increases the cost of design, because the
designer must try out experimentally every candidate de-
sign being compared against other alternatives, in-
stead of trying out only the few candidate designs which
are known a priori to be the most attractive.

The reason for the poor predictability and reproducibility
is straight-forward: the commonly used design procedures
are based on invalid assumptions.®* Nevertheless, a skilled
engineer can ultimately produce an acceptable design
by the “‘trial-and-error’’ process. The resulting circuit will
dissipate as heat about 20-40 percent of the DC input
power (25-67 percent as much as the RF output power).
Careful thermal design is needed to keep the transistor
junction temperature low enough to obtain satistactory
reliability.

Class E Amplifier Advantages

In contrast to the situation described above, Class E
amplifiers are a priori predictable, have low (and predictable)
sensitivities to variations in component values, exhibit
considerable indifference to variations in transistor para-
meters, and dissipate as heat only about 10-20 percent
of the DC input power (11-25 percent as much as the RF
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output power). The reduced power dissipation (by a factor
of about 3 for a given RF output) results in about an
order of magnitude reduction of transistor failure rate, and
about 20 percent reduction of DC power input for a given
RF output. The reduction of power input extends bat-
tery life in portable applications and reduces the cost of
electric power for high-power equipment. Well-defined
circuit operation means that design decisions can be made
with full knowledge of the trade-offs among any alter-
native sets of design parameters being considered. A
straight-forward design procedure, which results in a circuit
which works the way it was designed to work, gives
confidence in the integrity and reproducibility of the design.
This is in contrast to the trial-and-error method of
design commonly used for conventional amplifiers.

Class E circuits can use bipolar transistors,
effect transistors, or vacuum tubes.

field-

Principles of Class E Operation

Switching-mode power converters are now widely
accepted for use in DC power supplies. They achieve
high efficiency by operating the transistor as a switch.
When the transistor current is high (the "on" state of the
switch), the voltage across it is low (Vcg (say) when
there is high voltage across the transistor (the "off”
state of the switch), the current is virtually zero be-
cause the transistor is fully ‘"off.” Power dissipa-
tion is low because high voltage and high current
are not imposed simultaneously on the transistor. These
switching-mode principles can be applied to RF power
amplifiers, too, and indeed have been. An extensive
bibliography of previous work in high-efficiency amplifiers
can be found in Reference 1.

Performance of the usual switching-mode amplifier
is severely limited if the transistor switching times are
longer than only a small fraction of the RF period.
However, the Class E amplifier extends high-efficiency
switching-mode operation to higher frequencies, even if
the transistor switching time is an appreciable frac-
tion of the RF period. Before observing how this can be
done, we shall first review the operation of a relatively
primitive switching-mode circuit

Switching Transistor’s Voltage
And Current Relationships

In general, a switching transistor’s voltage and current
waveforms will both be approximately trapezoidal, as
shown in idealized form in Figure 1. The voltage will
be near zero during the transistor’'s “on” interval and
will be high (e.g. at about 2Vgc) during the ‘“off”
interval. Similarly, the transistor current will be virtually
zero while the transistor is off, and a relatively
high value while the transistor is on. If the load is
resistive, the voltage rise occurs at the same time as
the current fall, and vice versa, as illustrated in Figure 1.

During the voltage and current transitions (while the
transistor is switching on and off), appreciable volt-
age and current are applied to the transistor simul-
taneously (e.g., halfway through the switching transi-
tion, 50 percent of the maximum voltage and 50 per-
cent of the maximum current are applied to the transistor).
At every instant of time, the power dissipation is the
product of the transistor voltage and current; therefore
there will be large power dissipation during the switch-
ing transitions. If those transitions occupy an appreciable
fraction of the RF period, the average power dissipa-
tion (averaged over the RF period) will be large. In
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addition, the application of appreciable voltage and current
simultaneously may cause continual deterioration of a
power transistor, eventually resulting in transistor failure.®
(The same condition occurs in many conventional
Class B and C amplifiers, but is usually not considered
explicitly.) Despite the designer’'s best efforts to make the
transistor switch as fast as possible, the switching power
dissipation remains an ultimate limitation on the circuit
performance at high frequencies. Attempts to reduce
the switching times may actually increase the second-
breakdown stress!

What About Power Dissipation?

Can anything be done about the power dissipation
during switching? The key to high-efficiency and low-
stress operation is in the transistor voltage and current
waveforms: the current has to rise and fall. and so does the
voltage, but they don't have to do it at the same time! We
need a current in which the voltage and current transi-
tions are displaced in time relative to one another. If
we can achieve this, we will have created an amplifier —
the Class E amplifier — which can have high power
efficiency even if the switching times are considerable
fractions of the RF period. Figure 2 shows the desired
waveforms, in idealized trapezoidal form to present the
concept.

In addition to the displacement of the voltage and
current transitions. another characteristic of Class E wave-
forms is illustrated in Figure 2. This feature removes
a second source of appreciable power dissipation and
second-breakdown stress which exists in conventional
RF power amplifiers and in some switching-mode
amplifiers. In every RF power amplifier, there is a capaci-
tor in parallel with the transistor — either intention-
ally wired into the circuit as part of the load network.
or just the unavoidable capacitances of the transistor and
the wiring. If the transistor is turned on when the voltage
(V) across this capacitance is any value other than Vg (say)’
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the transistor will discharge the capacitor to Vgg (say. In
that event, the stored energy of 1/2C (V-V¢E say)’ will be
dissipated as heat, independent of the transistor
switching time and the resistance in the discharge path.
To avoid this condition, the passive network components
must cause the capacitor voltage to be already at
Ve say) @t the time the transistor will be turned on.

Frequency Response and Rate of Current Change

A third feature of the Class E waveforms, also
shown in Figure 2, caters to a limitation of bipolar
junction transistors at high frequencies: the transistor will
unsaturate if the rate of change of transistor collec-
tor current is required to exceed a certain defined
value. In that event, the resulting high collector voltage
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causes high-power dissipation and second-breakdown stress
during the turn-on transition. In the Class E amplifier,
this limitation is avoided by requiring of the transistor
only a moderate (and well-defined) rate of current increase,
known to be within the capability of the type of
transistor being used, at the input drive being provided.
The current which the transistor must conduct im-
mediately at turn-on is equal to C(dV¢g/dt) at that time,
where C is the capacitance across the transistor.
By making dVcg/dt zero at turn-on time, the Class
E amplifier requires the transistor to begin conducting
at only zero current. Some conventional designs,
which turn on the transistor when dVgg/dt is positive,
require the transistor to abruptly conduct a large value of
current. The transistor then unsaturates because it can-
not turn on abruptly, resulting in undesirable power
dissipation and second-breakdown stress.

High Efficiency Design Requirements
Now we can see that the waveforms of Figure 2

r.f. design

meet the three conditions for high efficiency discussed
above:

(a) the voltage and current transitions occur at different
times,

(b) the voltage across the transistor at turn-on time is
VCE(sat)
and

(c) the slope of the transistor voltage at turn-on time
is zero.

Figure 3 shows the approximation to the waveforms
of Figure 2 generated by the low-order implementation
of Class E principles discussed in this paper. The
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waveforms of Figure 3 are like those of Figure 2, except
(a) the waveform tops are rounded instead of flat, and
(b) for each waveform, the rise time is not equal to the
fall time. We shall now discuss the synthesis of a circuit
to generate the desired Class E waveforms.

Design Procedure

In a circuit containing a periodically operated switch
plus passive components (L, R, C, and transmission
lines), the current through the switch in the “on”
state, and the voltage across the switch in the “off”
state, are both determined by the transient response
of the passive network connected to the switch,
excited by the periodic operation of the switch.
Figure 4 shows a circuit which will give a low-order
approximation to the desired waveforms if the component
values are chosen properly. L1 is a high-reactance
shunt-ted choke which only feeds DC into the circuit,
and takes no further part in the RF action. R is the
load to which the RF power is to be delivered. C1 is a
first approximation to a delay element to delay the rise
of the voltage while the transistor current is falling dur-
ing the turn-off transition (C1 gives a parabolic-shaped
approximation to a true delay). This satisfies the first require-
ment for high-efficiency operation, discussed above:
the voltage rise is delayed until after the current fall.
C1, C2, L2 and R comprise a damped-resonant net-
work which rings after the transistor turns off. The
resonant frequency (not the same as the amplifier operat-
ing frequency) and the damping factor are chosen to meet
the remaining requirements for high-efficiency operation:
the voltage fall occurs before the current rise, the capacitor
voltage just before transistor turn-on is Vcg (san and
the slope of the voltage waveform at turn-on is zero.

35



e A —_——— == == = N aliindiall
.SE\""ZS ) | LOAD NETWORK ! ILOAD,
I'switcH ! | c2 L2 - |
I

T I
| : 1 |
! | [ )
FROM ! I ct RS

ORIVER! | "ol
+ [
L _______ 4 :._ - =

—— DC POWER
— SUPPLY

i

Figure 4.

Design Equations for Low-Order
Class E Circuit

The following design equations define the component
values for the circuit of Figure 4 when the transistor
duty cycle is 50 percent (conduction angle is 180°).
Modified equations apply for other values of duty cycle.

The peak collector-emitter voltage should be less than
the transistor breakdown voltage to avoid damaging the
transistor:

Vee i< BVcev (1)

BVcey is the collector-emitter breakdown voltage with the
base-emitter junction reverse-biased (e.g., by one volt).
(BVcey is the applicable voltage rating because, in a Class
E circuit, the base is solidly reverse-biased by the time
that Vg approaches its peak value.)

Having defined the maximum allowable peak voltage,
the working peak voltage can be chosen, using whatever

safety factor the user wishes. Then the power-
supply voltage is:

Vee pr) +2.562 Ve say)
Veem —— (2)

3.562

With the power-supply voltage chosen, the required
value of Ris:

R=o05768 (Vcc = Veersan ) 5

[

where Ve (sap 1S the collector-emitter saturation voltage
in RF operation (usually one to three volts larger than
the value measured in a DC test), and P is the RF
power delivered to R.

The network loaded Q (Q,) can be chosen by the de-
signer, considering the trade-offs among operating fre-
quency range, power losses in the reactors, and harmonic
output (to be discussed in the next section). It is
required, however, that:

Q> 1.7879 (4)

Choosing Q_ defines the value of L2:

L2 = Q,R/2nf (5)
36

where f is the operating frequency. The required value of
C2is then:

1 1 1.110

- — o
(& “2nfQ,R Q. - 1.7879 (6)

Inductor L1 is chosen to be large enough such that the
current in L1 is atmost pure DC, and L1 then has

little effect on the RF operation:
L1 = 10/(2nf)2C1 (7)

Now the required vaiue of C1is:

0.1836 0.81Q, 0.7
+

C1= 1+

(8)

2nfR Q2+ 4 (2nf)2L1

The last term is small, and can be neglected for a
first approximation.
The collector efficiency is:

VCE (sat)

1 - (2nA)%6 — (1 + A — [2rA]%6)
cC

nC = 9)
1 — (2nA)?12

Here, t; is the collector-current fall time, 100 percent to
0 percent of an assumed ramp waveform, and A=

(1 + 0.82/Q)) ft;.

FQL (nominal) ® 2! nominal L2/R
DUTY RATIO = 50% ¢
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Effects of Deviations in Circuit
Parameter Values

The Class E amplifier is quite tolerant of deviations
from nominal frequency and component values. The reason
can be deduced from physical considerations: devia-
tions from nominal cause the voltage waveform to deviate
from the low-voitage/zero-slope condition at turn-on time.
But the waveform has a broad, flat bottom in the vicinity
of the intended turn-on time. Thus, if Q1 is turned on
somewhat earlier or later than at the exact bottom
point of the waveform, the voitage on C1 will be little
different from the value at the intended turn-on time,
and the slope will be nearly equal to the intended zero
slope. Similarly, certain changes in component values will
cause the bottom of the waveform to move up or down
from the intended value of Vcg(say This will cause
the voltage at turn-on time to be not quite equal to
Vce (say but not nearly as large as in some conven-
tional amplifiers which have approximately 2Vcc on the
capacitor at turn-on time. The Class E amplifier op-
erates nominally at a very favorable operating point,
and the changes of operating conditions with variations
of frequency or component values are fairly small.
Mathematical analysis’ gives exact value for these varia-
tions. The results are shown in Figures 5 (vs frequency
and 6 (vs component values).*

*Figures 5 and 6 are for a circuit which does
not clamp negative Vce. Some RF power amplifier
circuits clamp negative Vg (intentionally or un-
intentionally) by any one or more of several mechanisms.
Parts of Figures 5 and 6 are changed if negative
Vce is clamped.
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Independent verifica-

r.f. design

tion was published by Raab®, who obtained an analytical
solution using a high-Q approximation.

Harmonic Output

Sokal and Raab® give the harmonic output of the
Class E amplifier as a function of the harmonic number
and the value chosen for Q. Their results are shown
in Table 1. They also give the resulting harmonic
suppression requirement for the filter (if any) which is
placed between the output of the L2-C2 branch and
the load R (usually a radio-transmitting antenna), in
order to reduce the amplitudes of all harmonics at R
to any specified number of dB below the amplitude of
the fundamental-frequency component.

As in all other types of RF power amplifiers, there is a
trade-off in the choice of Q:

1. A higher value of Q_ reduces the harmonic out-
put (see Table 1).

2. A lower value of Q, reduces the fraction of the
transistor output power which is dissipated in the RF
resistances of L2 and C2.

3. A lower value of Q allows operation of high efficiency
over a wider frequency range. Figure 5 shows a graph
of efficiency vs. frequency for values of Q_ from 1.7879
(the minimum value for which Class E operation is
possible) to 20.

With the information in Table 1 and Figure 5, and
a knowledge of filter design methods, the designer
can choose the combination of Class E load-network
Q_ and filter design which best meets the requirements
of a particular design project.
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Table 1. Harmonic Components of Current
Flowing to Load Through C2 and L2.
n is the harmonic number; I, is the nth-harmonic
current.
o wmwmo=
! 2 3 or more
1 1.000 T 1000
2 2.70E-1 , ~0.51/Q,
3 4.76E-2 1 ~0.080/Q
4 2.31E-2 ! ~0.037/Q,
5 1.03E-2 | ~0.016/Q
6 6.35E-3 ~0.010/Q_
7 3.76E-3 l ~0.0059/Q
8 261E-3 ~0.0041/Q,
9 1.77€-3 ~0.0028/Q
10 1.32E-3 ~0.0021/Q ]

Experimental Results

During the past few years a moderate number of HF
and VHF Class E amplifiers have been built at Design
Automation. Inc.. the first author's firm. Here we shall
summarize the measured results obtained with a few of
those amplifiers and compare them. where possible.
with published data for conventionai Class C amplifiers
using the same transistor types.

Table 2 compares the performance of Class E and
Class C 27 MHz designs using the Motorola MRF472
transistor. Data are given for the Class E amplifier at
two DC supply voltages. The Class C amplifier was built
by Motorola Semiconductor Products®. To make a fair com-
parison. one should really add a harmonic-suppression
filter to the Motorola amplifier and subtract a few
percentage points of efficiency from the tabulated value to
account for the unavoidable filter power losses.

Table 3 compares results for Class E and Class C
VHF amplifiers using the Communications Transistor
Corporation A25-28 transistor.

The Class C amplifier data are given on the CTC
transistor data sheet. Again. a few percentage points of
efficiency should be subtracted for parasitic losses in a
subsequent harmonic-suppression filter.

included?

Table 2. Comparison of 27 MHz Am

e —

plifiers Using Motorola MRF472 Transistor.
> : .

Class E
VeeV) T 135
Power output (W) ; 5.0
Collector efficiency (%) 85
Paiss/Pout= 1n — 1 [ 0.18
Second harmonic (dBc) | - 67
Third harmonic (dBc) - 67
Number of stages ' 3
RF power input {mw) ' 10
Harmonic-suppression filter Yes

] ClassC ) |
27 ! 125
20 4.0
86 65"
0.16 054
Not given
Not given
1
200 typ
No*

*Class C amplifier etficiency would be reduced by a few percentage points it a harmonic-reduction filter were added,

and Pg,5s/Pout would be increased.

Table 3. Comparison of VHF Amplifiers Using CTC A25-28 Transistor.

=

1

Class E Class C
: Sample 1 Sample 2
Power output (W) 27 28 25
Frequency (MHz) 54 54 80"
Collector efficiency (%) 87 92 65"
Paiss/Pout = 1lh = 1 0.15 0.09 0.54
Power gain (dB) Not 12 9.9typ. @ 80 MHz
Available 13.1typ. @ 54 MHz
Harmonic-suppression
filterincluded? Yes Yes No-*

*According to the manufacturer, efficiency at 54 MHz is approximately the sarne as at 80 MHz.

**Class C amplifier efficiency would be reduced by a few
added, and Pgss/Poy would be increased.

percentage points if a harmonic-suppression filter were

38

Summer 1980



The last example of a Class E amplifier has no Class-C
counterpart. Figure 7 is a photograph of a demonstrator-
model Class E amplifier being manufactured by Design
Automation, Inc. This unit is designed as a demonstrator
for test and evaluation by others who may wish to
evaluate Class-E technology in their own laboratories.
Output is up to 7 W at 105 MHz, depending on
the DC collector supply voltage (the RF output voltage
is linearly proportional to the DC supply voltage). The
amplifier will accommodate any TO-5 output transistor the
user wishes to plug into the socket. We have inter-
changed many different transistor types, from numerous
manufacturers, with hardly any change in circuit opera-
tion. That is virtually unthinkable in a conventional
Class B or C circuit. Table 4 lists examples of transistors
which have been so interchanged. 0

Table 4. Examples of Transistor
Interchangeability in 10.5-MHz
Demonstrator.

2N3553 RCA, Motorola, Raytheon
2N3725 Motorola, T.I., Fairchild
28C2329 Nippon Electric

BRS23A Philips (Amperex)

2N5262 RCA

2N3735 Motorola, UPI Semiconductor
2N3734 Raytheon

2N6376 National Semiconductor
2N5108 Solitron

2N5913 TRW Semiconductor
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RF Component Catalog

Texscan Corporation announces the
availability of its new 68-page compo-
nent catalog. Detailed information is
provided on the full line of attenua-
tors, including fixed pads to 18 GHz,
rotary attenuators to 12.4 GHz and a
complete line of programmable atten-
uators for computer controlled test
applications.

The filter section offers graphs and
instructive information on tunable,
cavity, tubular and miniature lumped
component filters. A third section on
oscillators provides theory and appli-
cations for oscillators available over
the frequency range of 5 MHz to
18 GHz.

This three section catalog is a must
for ali RF system designers, says Tex-
scan.

Contact Texscan Corporation, 2446
North Shadeland Avenue, Indianapolis,
IN 46219. Circle INFO/CARD #122.

Composite Elastomer EMI/RFI
Shield

Combo® Seal, vuicanized strip gas-
keting combining silicone rubber with
knitted metal mesh to provide an ef-
fective EMI/RFI shield as well as a

seal against severely hostile environ-

ments, has been announced by Metex
Corporation, Edison, New Jersey.

The new shielding gaskets can be
extruded in a wide variety of forms
and shapes that not only lend them-
selves to wide adaptability in original
designs, but also permit retro-fit into
existing product configurations.

The Combo® Seal strip gasketing
retains its inseparable structural inte-
grity as well as its flexibility in ex-
tremes of temperatures, in corona and
ozone atmospheres, moisture and steam,

and after prolonged weathering and
aging. While the compression-defiec-
tion characteristics of the gasketing
material is one of its prime features,
the nature of the silicone rubber/knitted
metal mesh extruded composite con-
struction assures excellent resistance
to compression set.

Total shielding effectiveness of up
to 90 dB, 10.0 kHz to 1.0 GHz, 20 psi,
is claimed for the material. The sili-
cone rubber component of the Combo®
Seal composite meets and exceeds
the specification for Rubber, Silicone:
Low- and High-Temperature Tear Re-
sistant, ZZ-R-765, Class 11a, Grade
50. It is colored gray, has a specific
gravity of 1.13x 0.03; brittle point,
100°F. ASTM D-746. The composite
gasketing offers a peel strength of
3 ibs. (min) per linear inch.

Contact Metex Corporation, 970
New Durham Road, Edison, N.J. 08817.
INFO/CARD #127.

Thick-Film Filters

Telonic Berkeley, is now offering
thick-film filters in volume production
runs. By combining thick-film tech-
nology, developed and proven in the
company’s attenuator products, with
new computer-aided filter designs,
Telonic Berkeley now has nine dif-
ferent thick-film filters in volume pro-
duction.

Two major advantages to thick-film
filters are lower cost and excellent
repeatability. Photolithography is the
key in both instances, as it pro-
vides a greatly reduced labor require-
ment and ensures exact repeatability
of the design from one production
order to another.
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out PTI!

PTI can deliver state-of-the-art
performance.

Need high attenuation?
PTI can deliver 60 dB or better in
an ultraminiature package.

Need top IM performance?
PTI can deliver. We know what
can and can't be done.

Need small size?

PTI can deliver four-pole filters in
an F (HC-18 size) package. Two-
poles in our new ultraminiature A
package. Resistance-welded,
too.

Need low cost?
PTI can deliver standard VHF
models from 30 to 180 MHz

including new models at 45 MHz.

Plus, the widest selection of HF
monolithics around — from 5
MHz and up.

Need something special?
PTI can deliver custom
monolithic filters to your
production requirements.

For these and any other
monolithic needs, drop us a line.
We'll respond in a jif!

()0
Pliezo Technology Inc.

PO. Box 7859 « Orlando, FL 32804
(305) 298-2000 « TWX 810-850-4136

The standard in monolithic
crystal filters.

INFOICARD 15

Contact the Marketing Department,
Telonic Berkeley, 2825 Laguna Canyon
Road, Laguna Beach, Calif. 92652.
INFO/CARD #126.

Automated Counter

Built-in calculating capability and
automatic measurement routes are
featured in this new HP 5335A elec-
tronic counter.

The HP 5335A combines reciprocal-
taking measurement techniques with
automatic interpolators to provide 9
digits per second display for all fre-
quency measurements up to 200 MHz
(standard) or to 1.3 GHz (optional).
Singie-shot time interval resolution is
2 nanoseconds, while time interval
averaging yields a resolution down to
100 picoseconds when measuring re-
petitive events. The high single-shot
resolution allows measurements where
time information must be extracted
precisely without averaging. For ex-
ample, statistics are meaningful only
with high single-shot resolution.

Other measurements included are:
frequency ratio, period, period average,
and totalizing. The counter’s full sen-
sitivity, bandwidth and input signal
conditioning capabilities can be ap-
plied to both numerator and denom-
inator in frequency ratio measure-
ments.

The following measurements re-
quiring pressing one or several keys
on the HP 5335A front panel keyboard
are phase, duty cycle, rise and fall
times and slew rate. In addition, sta-
tistical data such as standard deviation
and mean value are automatically
computed and displayed for any of
the measurements.

For those RFI/IEMC sensitivity test
situations, the 5335A has been de-
signed to meet most MIL STD 461/2/3

and VDE 0871/0875, FTZ 526/1979 and
527/1979 limits for electromagnetic
compatibility (radiated and conducted
emissions and susceptibility). This
suits the 5335A for applications such
as sensitive receiver testing and main-
tenance.

Contact Inquiries Manager, Hewlett-
Packard Company, 1507 Page Mill
Road, Palo Aito, Calif. 94304.

Termination Insensitive Mixer

ANZAC Division of Adams-Russell
has developed a Termination insensi-
tive Mixer covering the 1 to 7 GHz
region. Now the microwave system
can have the benefits of TIM; flat
conversion loss regardless of sum
frequency match, and flat, predictable
3rd order intermodulation performance
even into high IF mismatch. The
MD-162 provides 6 dB typical, 7.5 dB
Max conversion loss with IF port
response to 2.0 GHz. The mixer also
features +8 dBm 1 dB compression
point and 3rd order intercept of + 18
dBm.

Contact ANZAC division, Adams-
Russell, inc., 80 Cambridge Street,
Burlington, Mass. 01803. INFO/CARD
#132.

New 2-kW Broadband
RF Amplitier

The constant search for smaller,
lighter-weight high-power amplifiers for
broadband RF applications has been
rewarded with the introduction of the
Model 2000L by Amplifier Research
Corporation, Souderton, Pa.

In an attractively-styled 5-foot-high
stand-alone cabinet occupying less than
four square feet of floor space, the new
AR Model 2000L delivers 2000 watts
minimum cw power across its entire
bandwidth of 10 kHz to 220 MHz, and
4000 watts minimum in pulse mode
at 25 percent duty cycle to 150 MHz.
As with all AR amplifiers, a 1-milliwatt
signal from a frequency synthesizer or
sweep generator is more than ample
to drive this Class AB linear amplifier
at its rated output power.

The 2000L is totally impervious to
load mismatch, withstanding even the
infinite VSWR of shorted or open output
connections without damage to itself
or shutdown of the system. Its entire
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Fluke Portable Test Instruments
“Engineering designed
this new counter with all the features
our production people asked for.”

You’d expect our production favorites on lines everywhere. built-in switchable filter and a X1

management to be biased in favor “This new Universal Counter to X100 continuously adjustable

of our new 7250A Universal is just what we asked for. A attenuator eliminate unwanted

Counter/Timer. But when we bench-top basic function 80-MHz triggering. The input amplifiers

challenged them, they told us why instrument with the measurement feature the accuracy and reliability

Fluke Counters are becoming modes our people use most. A that only Fluke-designed thick-film
hybrid circuits can provide. And
Fluke’s commitment to quality
insures maximum uptime at a
price that’s right for the line —
only $699 U.S”

Built for
system automation.

“We’re installing new
automated test procedures. And
the 7250A Universal Counter
fits right in. By adding the
1120A Translator and the
7250A’s talk-only interface
option, we can build an
inexpensive IEEE-488 system.
The 7250A also uses the unique
Fluke Portable Test Instrument
(PTTI) design for latching our
instruments together in a neat,
uncluttered package”
Convincing evidence.

Our production managers
are sold on our new 7250A. How
about you? For more
information call toll free
800-426-0361; use the coupon
below or contact your Fluke
sales office or representative.

®

IN THE U.S. AND NON-
EUROPEAN COUNTRIES:  IN EUROPE:

John Fluke Mfg. Co., Inc. Fluke (Holland) B.V.
P.O. Box 43210 MS # 2B P.0. Box 5063,
Mountlake Terrace, WA 98043 5004 EB Til

(206) 774-2481 The Nether!

Telex: 152662 (013) 673 973 Tlx: 52237

[] Please send 7250A specifications.

[J Please send information on Fluke’s
125-MHz 7260A and 7261A Counters.

[0 Please send IEEE-488 Translator info.

[3 Please have a salesman call.

Name

Title ~ MailStop
Company : -
Address .
4 City State _ Zp
~ Telephone () Ext.
For technical data circle no.16



bandwidth is instantly available, re-
quiring no tuning or gain adjustment
during sweep operations. Pulse and
blanking capability make this an at-
tractive amplifier for high-power pulsed
NMR or physics experiments. Cooling
is either self-contained forced air or
tap water. An optional IEEE-bus-com-
patible computer interface module is
available for automatic control of am-
plifier switching.

Contact Amplifier Research Cor-
poration, 160 School House Rd., Souder-
ton, Pa. 18964. INFO/CARD #136.

Miniature Filter Line

A line of miniature RF and micro-
wave filters, the Ultramin™ Series,
has been introduced by Wavetek In-
diana. According to Wavetek, a break-
through in the filter miniaturization
process allows them to produce filters
in the 10 to 1000 MHz range that
give high performance in a small,
lightweight package.

Ultramin™ filters are designed to
save circuit board space and reduce
weight in critical applications such as
airborne systems. The smallest Wave-
tek filter, the T5, is only 0.36 inches
in diameter and weighs less than 0.046
ounces.

The new Wavetek filter line in-
cludes the: 75, a 3 to 4 section filter
that mounts in a TO 5 case; T8,
a 3 to 6 section filter in a TO 8
case; T8S, a T8 filter with a threaded
mounting stud for improved grounding;
R Series, a 3 to 10 section filter in a
0.31 by 0.44 inch rectangular metal
case; and the S Series, a 3 to 12
section filter in a 0.31 by 0.31 inch
square metal case.

Computer designed Ultramin™ Fil-
ters are available in Bandpass, Lowpass,
Highpass, and Bandstop designs. A
typical 0.01 dB Tchebychev or Butter-
worth response is standard and Gaus-
sian, Bessel or Linear Phase respon-
ses are available on special order.
Bandpass filters are available with 3
dB Bandwidths from 2 percent to 70
percent of center frequency.

Contact Wavetek Indiana, Inc., P.O.
Box 190, Beach Grove, Ind. 46107.
INFO/CARD #137. O

I
l

Classifieds

RF POWER ENGINEERING
CAREER OPPORTUNITY
IN THE COLORADO ROCKIES

We have an immediate opening for a
project engineer to design advanced
high power HF/VHF equipment and
systems for medical, scientific, and
communications applications. Must
have proven capability including rele-
vant RF experience and the initiative
to carry projects thru to successful
production. BSEE/MSEE and some solid
state power, digital, and control expe-
rience is desirable. Openings aiso for
RF technicians.

ETO is a respected and growing small
company where true ‘‘ground floor”
opportunity still exists. Our 5500 foot
elevation at the mouth of the *‘Royal
Gorge of the Arkansas™ affords one of
the world’s most attractive year-round
living and recreational environments.
PLEASE SEND RESUME WITH SALARY
REQUIREMENTS TO PRESIDENT, ETO,
BOX 708, CANON CITY, CO 81212.

An equal opportunity employer.

CAN YOU HELP?

| left a productive, happy, career man-
aging RF design to manage a small
ATE manufacturer. Though proud of
guiding a turn-around and a 60 percent
annual growth, | am, frankly, bored and
yearn for the RF industry.

Can you help? | am interested in buy-
ing, investing, and/or employment.

Contact — RF design
Box RF-7/8-1

A52U UHF
RF SWEEP AMPLIFIER

counters,

interference.

Similar in appearance to the A62 RF Sweep Amplifier pictured,
the A52U RF Sweep Amplifier has a frequency range of 1-900
MHz. Flatness is £.5 dB. Gain is 30 dB nominal.
is 1.5:1 max with typical VSWR of 1.2:1.
75 ohm impedance, the unit is an excellent general purpose
lab amplifier amplifying signals for receivers,
spectrum analysers, oscilloscopes, markers and
detectors. It is rugged enough for mobile applications. Line
filtering and double shielding prevent ambient and power line

Wide Band Engineering Co., Inc.

Input VSWR
Available in 50 or

frequency

P. 0. Box 21652 1838 East University Drive

Phoenix, Arizona 85036

Phone (602) 254-1570
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1. SENSITIVITY: Superb amplifier circuitry with performance
that can’t be matched at twice the price. Average sensitivity

of better than 15 mV from 10 Hz to 500 MHz on every model
and better than 30 mV from 500 MHz to 1.1 GHz on the Series
8010A and 8013.

2. RESOLUTION: 0.1 Hz to 12 MHz, 1 Hz to 50 MHz, 10 Hz

over 50 MHz.

3. ALL METAL CASES: Not only are the heavy gauge aluminum
cases rugged and attractive, they provide the RF shielding

and minimize RF| so necessary in many user environments.

4. EXTERNAL CLOCK INPUT/OUTPUT: Standard on the 8010/
8013 series and optional on the 7010 series is a buffered

10 MHz clock time base input/output port on the rear panel.
Numerous uses include phase comparison of counter time
base with WWVB (U.S. National Bureau of Standards). Stand-
ardize calibration of all counters at a facility with a common

10 MHz external clock signal, calibrate scopes and other test
equipment with the output from precision time base in
counter, etc., etc.

5. ACCURACY: A choice of precision to uitra precision time
base oscillators. Our =1 PPM TCXO (temperature compen-
sated xtal oscillator)and + 0.1 PPM TCXO are sealed units
tested over 20-40°C. They contain voltage regulation circuitry
for immunity to power variations in main instrument power
supply, a 10 turn (50 PPM) calibration adjustment for easy,
accurate setability and a heavily buffered output prevents
circuit loads from affecting oscillator. Available in the 8010 and
8013 series is our new ultra precision micro power proportional
oven oscillator. With = .05 PPM typical stability over 10-45°C,
this new time base incorporates all of the advantages of our
TCXO's and virtually none of the disadvantages of the tradi-
tional ovenized oscillator: Requires less than 4 minutes
warm-up time, small physical size and has a peak current

drain of less than 100 ma.

6. RAPID DISPLAY UPDATE: Internal housekeeping
functions require only .2 seconds between any

gate or sample time
MODEL 7010A 600 MHz

period. At a 1 second gate time the counter will display a new
count every 1.2 seconds, on a 10 second gate time a new count
is displayed every 10.2 seconds. (10.2 seconds is the maximum
time required between display updates for any resolution on
any model listed).

7. PORTABILITY: All models are delivered with a 115 VAC
adapter, a 12 VDC cord with plug and may be equipped with

an optional ni-cad rechargeable battery pack installed within
its case. The optional Ni-Cad pack may be recharged with 12
VDC or the AC adapter provided.

8. COMPACT SIZES: State-of-the-Art circuitry and external AC
adapters allowed design of compact easy to use and transport
instruments.

Series 8010/8013: 3" H x 7-1/2" W x 6-1/2"" D

Series 7010: 1-3/4" H x 4-1/4" W x 5-1/4" D

9. MADE IN U.S.A.: All models are designed and manufactured
at our modern 13,000 square foot facility at Ft. Lauderdale,
Florida.

10. CERTIFIED CALIBRATION: All models meet FCC specs
for frequency measurement and provided with each model 1s a
certificate of NBS traceable calibration.

11. LIFE TIME GUARANTEE: Using the latest State-of-the-Art
LS| circuitry, parts count is kept to a minimum and internal
case temperature is only a few degrees above ambient
resulting in long component life and reliable operation. (No
custom IC’s are used.) To demonstrate our confidence in these
designs, all parts (excluding batteries) and service labor

are 100% guaranteed for life to the original purchaser.
(Transportation expense not covered).

12. PRICE: Whether you choose a sertes 7010 600 MHz
counter or a series 8013 1.3 GHz instrument it will compete

at twice its price for comparable quality and performance.

MODEL 8010A/8013 1.1 GH2/1.3 GHz

WML PREUUENCY (OUNTER
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RANGE 10 MHz TIME BASE AVG. SENSITIVITY
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- NEBR-NNEE o

Ay — g

LAY

RESOLUTION

MODEL GATE EXT.CLOCK SENSITIVITY NI-CAD
(From10HZ  raBILITY  AGING  DESIGN 10Hz10500MHz 500MHzto1.1GHz  TIMES  12MHz 60MHI Max Freq INPUTIOUTPUT CONTROL BATTERY PACK

7010A +1PPM 3) 10 Hz YES NO YES
T T AN i i 1647 NIA 11.10sec.  'H& THE goomHzZ)  OPTIONAL OPTIONAL
8010A + 1 PPM

TCXO" 4) He " 10Hz YES y YES
801014  11GHz  =01PPM < 1PPMIYR ol Y o1 1110sec 'HE M2 4Gy sTANDARD &s OPTIONAL
8010 05A =+ 05PPM ocxo:"

8013 1 QR LSl ) | k| e YES s YES
801303 SRDF | Lger (CHICNI: s, 1 s 01 1.1.10sec, ¥ (13GHz2)  STANDARD OPTIONAL
TCRO = Temperatura Compansatea atal Oscillator **OCXO = Proportional Oven Controlled Xtal Osciliator

SERIES 7010A SERIES 8010A/8013 ACCESSORIES

#7010A 600 MHz Counter 1 PPM TCXO $199 95 #8010A 1.1 GHz Counter - 1 PPM TCXO $399.00 #TA-100 Telescope antéenna with

#7010 1A 600 MHzCounter-0.1 PPM TCXO  $248 95 #8010 1A 1.1 GHz Counter-0.1 PPM TCXO $450.00 nght angle BNC $ 9.95

OPTIONS #8010 05A 1 3GHz Counter- 05 PPM Oven  $493.00 #P-100 Probe 50 Ohm_ 1X $1395

#70-H Handle/Tilt Baw inct Shawns $2 95 #8013 1 13GHz Counter-0 1 PPM TCXO $550 00 #P-101 Probe LoPass

#N1-Cad-701 Ni-Cad Battery Pack & Charging #8013 05 13GHz Counter - 05 PPM Oven  $599.00 Audio Usage $16.95
Circuitry Installed Inside Unit $1995 g gwrt: ?;Z' yase $16 95

i g S 5 A g e 0:7([0;‘1501 N1 Can Batt Pack & Charqina $49 95 HLFM 1110 ng' Fr? 3::» ’:' tipner

- -P d Black Vinyl $995 #N1Caa -8 1 Caqa Battery Pac Qi oquency Mul
e L i g i Circuntry Installed Inside Unit X 10, % 100, R 100 $11995
#CC-80 Carry Case - Padded Black Vinyl $ 995 For High Renaw tian of Audio Freq

TERMS Orders to U S. and Canada add 5% for shipping. handling and insurance to a maximum of $10 00 All other orders add 15

C O D collection fee $2 00 Florida orders add 4% state tax Personal checks must cleart ciore qoods are shipped INFOQI/ICARD 18

5821 N .E 14th Avenue,

Fort Lauderdale Florida33asa 1-800-327-5912

FROM FLORIDA (305) 771-2051/2



Ask us anything
Wbout our Maglatch

TO-5 Relays.

We've had a lot of questions about this remarkable little relay. Because
it's unique. One pulse of coil voltage sets it. And it stays that way until it
reset. No power needed to hold it. None at all. And that tiny TO-5
package is ideal for high density pc boards.

But if there is anything youd like to know about it, or how to use it,
go ahead and ask. There are no dumb questions.

[J How does the Maglatch [ Are its RF characteristics

solve my circuit energy as good as Teledyne’s
crisis? other TO-5 relays?

[ How does its non-volatile [ Is Maglatch available
memory make the in commercial as well as
Maglatch “the relay that MIL qualified versions?

never forgets™?

Sorry. You missed my question. Here it is.

Name

Company

State

“’* TELEDYNE RELAYS
Ask us anything, There are no dumb questions.

Maii to: TELEDYNE RELAYS 12525 Daphne Ave., Hawthorne, California 90250, (213)777-0077

INFOICARD 19
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