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investigate the PIN Diode itsell.

INTRODUCTION TO ATTENUATORS . (Fig-2)

Attenuators are transmission line components with at - : .
least two ports used to reduce the Input power in a system by i 0008

a predetermined amount. A switch is generally used In only Fo2 : V

two states “on” or “off™. In contrast the variable attenuator Is

operated throughout Its entire dynamic range. Consider the LS -sohaduniil e
following circuit (Fig. 1% . . H: Negatme 006G tayer
(Fig. 1) it .xm

Fo LITEMYATOA CIRCYTT :
1 Forward bias current carries charges from the conduc-
: tive layers Into the Intrinsic layer. .
. LOAD . o . )
The 1 layer resistance is determined by
- W
L 1 Rs= wn+ap) IFX7 (OHMS)

where W =1 region width
. : IF = Forward Bias Current .-
The attenuation, e, of 2 circuit inserted in a transmission 7= Carmier Lifetime

line is defir. :d as the ratio in decibels of power incident to the #= E’:gfﬁﬂ gﬁ,lfibimy
diode, Pi, to power transmitted past the circuit to the load, Pt. #p= oottty o
Therefore a = 10 log _‘_:'_. . Rg is inversely proportional to'the forward bias current.

There are two major categories of attenualors: Fixed
and variable, Fixed attenuators are those whose altenualion . S
is factory preset at some nominal level. it is a fixed value and PIN Diode Model ‘
cannot be changed. Variable altenuators, on the other hand,
can be controlled by the user 1o vary the attenuation level of
the device. This can be done by a number of different
methods. \

PIN Diodes derive their swiltching and attenuation
characteristics from this variation of the | layer resistance.

At zero or reverse bias, RJ is high and the diode 2cts as 3

Mechanically variable atlenuators are normally adjusted {airly high-Q capacitor at microwave frequencies. (See Fig. 3)

through the use of a tuning screw or knob adjustment. Elec-
tronically variable attenuators respond to the application of (Fig. 3)
either current (current-controlied) or -voltage (voltage-
controlled) to the device. Mechanically variable attenuators,
due 1o the necessity of mechanical adjustment are generally
not suitéd o system requirements. Electronic attenuators are -
more applicable to these applications and are used in many
systems, test and lab situations. The balance of this note is
concerned with electronically variable attenuators, their

o4t . C? Zo2a5e par 2azasanie
characteristics and how to specify them. i < ! C: §'22e pctan cazazasnce
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PIN Diode

The-coniret elernent-used-in meostelecironicallgvariable o oo fovvem oo $
attenuators is the PIN Diode. PIN Diodes are used primarily
for control of microwave power from the low MHz frequencies
up to millimeter waves. Some typical applications of PIN - _
Diodes are switches, attenualors, limiters; etc: In order 10 I the forward bias state the | layer resistance is
understand the PIN Diode attenuators it is essential to fowered. .

‘ o . ) ised of In Figure 4, we can see how the PIN Diode acts as a cur-

. The PIND|ode Isa §?‘T‘.‘9°Q§U9.,{?L‘??_X!C,,e,‘?Pmpf 1sed 0 g e . rent.controlled. RF resistor. An increase in bias current will (o
three l_ayers: the hlgh. resislance |n(flnSIF layer surfounded ™77 o i a decrease in RF resistance. It is this factor which

by positive and negalively doped low resistance layers. (See

Fig. 2

makes the PIN Diode so useful in att Lgt/or circuits.
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(Fig. 4)

oD g mu DOOE

ALISTANCE
"3
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Fig.6 MULTIPLE SHUNT DIOOE ATTENUATOR
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Simple Diode Attenuators

One of the Simplest forms of variable attenuators is the
simple shunt diode type seen below. (Fig. §)

Fig. 5)

BiAS
Fig. S
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With this type of attenuator the user will supply bias cur-
rent 10 the PIN Diode. As current increases the PIN Dicde
resistance will decrease and the attenuation will increase. At
2er0 of reserve bias the diode will be in its "of{” state and the
attenuator will be in its low loss state.

Multiple Shunt Diode Attenuator

A single shunt element attenuator has obvious fimita-
tions. For example, a diode of 1.0 ohm resistance will give
about 28 dB of attenuation. It is clear that some other means
must be used to achieve higher attenuation,

When a second shunt element is placed 90 degrees
{electric spacing), (see Figure 6), from the first the maximum
allenuation achievable can be dramatically improved. For
example, two diodes each capable of 28 dB attenuation spac-
ed 90 degrees apart will give an attenuatlion level of 62 dB.

This technique can be exiended to ‘three or more
elements and is extensively used in PIN Diode atlenuator
design.
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Limitation of Simple Attenuators

Though these simple circuits can operate usefully as at-
tenuators they share common performance limitations: they
are reflective in the attenuation range. As attenuation is in-
creased, the YSWR will degrade. For example, a three shunt
diode attenuator biased-fer 40 dB of attenuation will have a
VSWR of about £.0:1. Reflected power can occasionally be a
serious problem for a systems designer. Where high VSWR
during attenuation levels is a problem, an absorptive at-
tenuator design is a better choice for the system designer.

Absorptive Attenuators
The absorplive atlenuator offers the system designer
low VSWR through its enlire dynamic range. Examples of ab-
sorptive attenuator circuils include switched-bit, Hybrid
coupled, and T Pad (both shunt transformed and classical).
Switched-Bit Atlenuator

This circuit differs from the other circuits discussed so
far in that a resistive ‘'r° or ‘x” attenuation circuit is switched in
and out of the network. (See Fig. 7)

(Fig. 0

'e? .

9 AC~L B AT IR JET I

For low loss (insertion loss) state, CR1 and CR2 are
biased “on" (low-loss state); CR3 and CR4 are biased “oll™.
When attenuation is programmed, CR1 and CR2 are shut ol;
CR3 and CR4 are biased on. This inlroduces an attenuation
bit comprised of R1-R3 into the through-line path yielding a
dB of attenuation. Essentially the atltenuator bit is switched
in and out of the circuil, thus giving the name ~Sy:itched-bit™.

L. 3%@1&}\\;?



Iri this note, Switched-bit attenuators differ from other
electronic attenuators in the fact that the attenuation -
elements are fixed resistive T~Pad bits not Pin Dicdes.

Many sections like that above can be cascaded {o give
higher levels of atlenuation. (See Fig. B)

(Fig. 8)

The lowest value attenuation bit is referred to as the

least significant bit and the highest value as the most signifi-
cant bit.

Switched bit attenuators offer 2 number of features to
the system designer. Distortion generated by the attenuator
is low since the power is absorbed in resistive elements and
not in the PIN Diodes. The switched-bit attenuator is very
temperalure-stable because the PIN Diodes are not used over
their entire dynamic resistance range, they are simply used

as swilch slements, switching the attenuation bits in and out -

of the circuits.

One major drawback with this circuit is that it will have a
high insertion loss. As shown in figure 8, there are two series
elements per attenuation bil. The more series elements In-

volved the higher the resulting insertion loss. For example, a
6 bit attenuator with a 3 ohm PIN Diode would have 36 ohms
of resistance exclusive of other circuit losses. Also, when the
least significant bit is 0.5'dB or less, monotanicity is difficuit
to achieve due to differences in coil resonances, diode loss
and other considerations between the insertion loss path and
the attenuation path. The switched-bit attenuator is limited in

its resolution, being limited by the value of the least signifi--- -

cant bit.

Hybrid Coupled Attenuator

The attenuitor offérs ‘good VSWR at“any level ofats '

tenuation, and its operation is fairly simple. {See Fig. 9)

RF power is incident 1o HY1. Power is split between the
two transmissions paths (one comprised of CR1-CR3, and
the other through CR4-CRE). As forward bias is sent to the

. dicdes: they conduct and refiect. back power to port 3 and 4,
Due to the design ol this coupler the power from ports 3and4

e U s TR

are combined 1o port 2 and absorbed i the'infernal termirfas it b o0 e T

tion R1. This results in very low reﬂected power at pert 1.-
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(Fig. 9)
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American Microwave AGH series atlenuators use this
circuit topology. The use of low-loss lange couplers manufac-
tured to =.0001° toleraricg Silica substrates ensure supenor
performance,

This kind of attenuator has a practical bandwidth limita-
tion of 3.0:1. Application of this technique in a well designed
attenuator circuit will yield excellent and repeatable perorm-
ance. For example AMC is manufacturing sizeable quantities
of these attenuators In the 6-18 GHz bandwidth with typical
insertion losses of under 3.0 dB and relurn loss of greater
than 11 dBr across the full bandwidth. The American
Microwave AGH series also oflers good frequency flatness
(3 dB P-P at 60 dB) wilh wsell-behaved Phase shilt
characteristics. (See Figs. 10 and 11).

(Figs. 10 and 11)

AGH-8018D - Typical flatness 21 60 ¢B aitenuation.
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Typical AGH-8018D - Phase shift at 50 dB
Referenced to insertion loss
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T-PAD Attenuator

The circuit of Fig. 12 is comprised of three microwave
resistors. For each value of attenualion there is anideal value
for R1, R2, R3 which (a) gives the correct level of attenuation
and (b) maintains a 50 ohm impedance thus insuring a low

. VSWR. This circuit can be synthesized using PIN Dioces as
y the variable RF resistor (See Fig. 13). CR1 and CR2 are the
series equivalent of R1 and R2.

(Figs. 12 and 13)

T-PAD WITH PIN DIODE ELEMENTS °
CRY- CR2
o
CR3
Fig. 13

CLASSIC T-PAD
R1 R2

R3

Fig. 12
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Direct synthesls of the T-Pad circult can be difficult and
costly to achleve. A much simpler approach Is to mount all
three PIN Diocdes In shunt, making the cutside diodes {CR1,
CR2) the shunt fransformed equivalent of R1, R2 in Fig. 12
This circult Is the so<alled folded T-Pad or shunt trans-
formed T-Pad circuit shown In Fig. 14. The shunt Impedances
are the transformed equivalents of the circuit elements of the
classical T-Pad. )

(Fig. 14)

o SantiapoN s
toi pacut

CR1 and CR2 are biased independently from CR3. By
proper selection of bias current the folded T-Pad design can
yield reflectionless attenuator performance. ‘

This circuil is very easy to manufacture. AMC has been
manufacturing this type ol attenuator for many years. It isin- -
expensive and offers reasonable performance for octave
bandwidth requirements, However, this type of circuit has a
number of limitations. The circuil is limited o an octave .
bandwidth. Beyond an octave the frequency flatness and
VSWR become degraded. Also the unit-to-unit uniformity of
this attenuator is not as good as other types of circuits. The
maximum attenuation achievable is limited (usually to under
20 dB), and ils frequency flatness is poor compared to a
hybrid coupled altenuator.

“TEE PAD"
For applications requiring greater bandwidth AMC is

manufacturing PIN Diode attenuators which are essentially
variable T-Pads. (See Fiqg. 15}

N
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PIN DIODE
T-PAD
CIRQUT

" Fig. 15

<.

CR1 and CR2 are equivalent to R1, R2, CR3, to R3. The
PIN Diodes are varied by changling blas current. Series blas

current Is.used to adjust CRi, CR2 until they reach the value
of.the series elements In the classicai T-Pad of Fig. 12..

_Likewise CR3 is varied via shunt blas current. By properly
selecting series and shunt curents, the attenuator can be
varied and the match wiil be malntained as.the resistance of
the PIN Diodes will be equivalent to the values of the
classical T-Pad. As attenuation Is increased, the current
through CR3 will increase and the current through CR1 and
. CR2 will decrease. Two sections of the above circuit are
*“cascaded to achieve the 60 dB level.

This attenuator, it properly designed, will give the widest
bandwicth coverage of 2ll the attenuator types discussed in
this apgplication note. American Microwave Corp. model
AGT-2018-600 is a 60 dB attenualor covering the 2-18 GHz
band. When ordered with option 7, this attenuator will cover
the instantaneous bandwidth of 0.3-18 GHz with good
flatness, low VSWR, and predictable phase performance.
Figures 16 and 17 show typical performance on production
units.

(Figs. 16 and 17)

AGT-2018-80D - Option 7 typical flatness at 60 dB attenuation.
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DRIVER CONSIDERATIONS
Current Controlled

This group of attenuators is driven by current supplied
by the user. Scme attenuator circuils are commonly sold as
current controlled devices. For example, AGH series hybrid
coupled devices are often driven directly from current
sources. A typical attenuation vs. current curve can be seen
in Figure 18. ' :

(Fig. 18)

Fg W8

L

T T * 4 +
2mA amA [ XY amA 0 ma
CURRENT

Though this is the simplest drive requirement, it does
have certain limitations. The current vs. atlenuation curve will
follow the PIN Diode exponential function of Rs vs. I. This
works fine in a closed loop situation (such as a feveling ap-

- plicationhoweverrits-lack-ot-linearity argues against its use

in a open loop condition.
15y,
Pt v

v



ANALOG VOLTAGE CONTROLLED
DRIVER CONSIDERATIONS

Voltagecontrolled attenuators are controlled by the
application of control voltage by the user. They fall into two
broad categories: linearized and nondinearized. - :

Linearized vollage controlled altenuators are those
which follow a specified voltage-lo-attenuation transfer func-
tion, and nonrlinearized do not. An example of a linearized
attenuator is the American Microwave AGH-D series. This

- product has an integral vollage-tocurrent converter

{linearizer] (see Fig. 14) which gives the unit a linear voltage to
attenuatiod transter funclion. Standard transfer function on
this unit Is 10 dBAvolt, though many dilferent curves can be
accommodated.

. The linear transfer function is accomplished by using a
five break point piece-wise approximation to the dicde Rs vs. 1
curve,

(Fig. 19)
L]
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The T-Pad attenuator circuil of Fig. 15 requires two such
driver circuits. {One to control the series diodes and one to
control the shunts.)

DIGITAL VOLTAGE CONTROLLED
DRIVER CONSIDERATIONS

Thus far our discussion has concentrated on analog
vollage control drivers. PIN Diodes altenuvators can also be
controlied by digital methods. For example, the analog con-
trol signal used o control the linearized driver circuit of Fig.

DRIVER CONTROL FOR
SWITCHED-BIT ATTENUATORS

Normally each attenuation bit is driven from an indi-
vidual control line. Consider the circuit of Figure 8 (3 bit, 1 dB,
LSB, 7 dB total attenuation). Assume that a logic 'I" is
used to enable the bit, the logic table would be as shown
below:

DIGITAL WORD _
MSB LS8 Attenuation
4dB8 | 2dB ] 1dB Achleved
) 0 0 Insertion Loss

0 0 1 1d8

0 1 0 2dB

0 1 1 3dB

1 0 0 4 dB

1 4] 1 5dB

1 1 0 6 dB,

1 1 1 7 d8

ATTENUATOR TERMS AND DEFINITIONS

Allenuation: General term describing decrease of signal
amplitude in transmission from the input 1o the output of the
device the ratio of input 1o output power. It is commonly ex-
pressed in logarithmic terms {dB).

Insertion Loss: The ratio of the power delivered 10 the load
without the attenuator to the power delivered 1o the load with
the attenuator present. In the case of the variable attenuator
its insertion loss is measured with the attenuator set 10 ils
low loss state.

VSWR: Voltage standing wave ratio {ratio of reflected to inci-
dent power) present at the input or output of the attenuator.

Flatness: Peak o peak variation of attenuation through the
specified frequency range. Normally specified in dB. See Fig.
21,

. . (Fig. 21)
19 can be derived {rom a digital source by means ot a Digital-
to-Analog Converter. Fig 20 shows such a driver circuil.
Frg. 21 \
(Fig. 20)
A
g » — = Mia Allgnvaton
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Altenvéeion
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5
Both AGH-series hybrid coupled and AGT-series T-Pad ) ” aon
allenuatcrs are available with an 8 bil digital driver, known Flainess = Mas Altznuaron < Lt Algnuaton 123 2.
respeclively as the AGH-DD series and AGT-DO series. .
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« Transfer Function: The relationship between attenuation and

- . control voltage normally specified in dBivolt: This specifica- - . -

tion is applicable to analog voltage controlled attenuators
only. See Fig. 22

(Fig. 22) . i
A Fig. 22
L -4 -
=6 30 dB
£% :
[
= ¢ -2d8
i
1 t
! 1
-10¢8 H 1
] -1 1 )
wv v v
Control Voltage

Accuracy (sometimes called “Linearity™): It is the maximum
deviation of the nominal attenuation from the programmed
attenuation, normally expressed in dB. This term is used to
quantity how accurately the attenuator conforms to the
specified transfer function.

Max Attenuation + Min Attenuation

Nominal Attenuation= 2

Nominal

Accuracy _
. Attenuation

(Linearity)

Programmed
Attenuation —
(Assuming ideal
transfer function)

Example to clarify Flatness and Accuracy

(Fig. 23)
Es5mog 12 Sianly Fialness and ATCuraly
A
IS . Tyoncal Curve
Mozer AGH-801ED
$30=3p-- 1G 22 voht Transler Fuaction
Ceniroi Vontage: 6.0 volts
H
E
z
t£20c3
& Gz Fresuency 18 GH2z
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Fsmess = | Mleaaton  — Atenuation
= | 620 - 590 |
= | 3.0 dB Peak-to-peak |

pcouracy = |RRZRIESY . afleniston |
= | 60 —  62+59 l

2
= | 0 - 605 |
= 0.5dB

Phase Shift (Absolute): The transmission phase angle of the

signal at the output of the attenuator relative to the phase
angle at the input of the device.

Phase Shift vs. Attenuation: The transmission phase angle of
the signal at the output at a given frequency and attenuation
relative to the phase angle at the output of the device at the
same frequency with the attenuator set to inseriion loss.
Measured by normalizing absolute phase shift of the unit at

insertion loss.

Temperature Coelficient of Attenuation: Measure of how the
attenuation changes at a given voltage (current) and frequen-
cy as temperature is varied. Normaily expressed in dB/* Cen-
tigrade. Compensation networks can be designed to
minimize the attenuation drift over temperature. For example,
a thermistor circuit in the AMC AGH-D series keeps the
typical drift to under .01 dB/°C. ’

Switching Speed: The time it takes for the attenuator to
switch states from one attenuation level to another. Usually
referenced from a_point on the drive coatrol waveform.
Linearized voltage controlled attenuators are generally slow
switching from attenuation to insertion loss because the
drive circuit presents a high impedance current source to PIN
Diodes that are trying to discharge. )

Monotonicity: The condition that exists when every increase
in control voltage {or current) will always result in an increase
in attenuation at afl frequencies. Under no conditions will an
increase in voltage result in a decrease in attenuation.

" Ppower Haridiing: The highest incident power level the &t

tenuator can see without performance degradation (max
operaling power) or without permanent degradation or
destruction {max survival power).




