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ABSTRACT

The potential applicability of semiconductor diodes in
RF and microwave switching circuits is limited by the distortion
produced by the incremental non-linearity of such devices. The
incremental non-linearity of PIN diodes is significantly lower
than that of other diode types at high frequencies because of
the long minority carrier lifetimes commonly found in the PIN
structures. It is desirable to characterize the distortion
producing mechanisms in PIN structures in order to establish
performance limits both in terms of frequency and in terms of
power handling capability. Frequency and power level dependent
relationships between diode parameters such as minority carrier
lifetime, doping profile, junction area, etc.,and the resulting
distortion observed in simple RF circuit applications are deriv-
ed, thus establishing theoretical performance limits of the
diodes. Measured distortion levels in the diodes agree with the
theoretical predictions in most cases.
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I Introduction

PIN diodes find many applications in microwave switch
attenuators and phase shifters. PIN structures are very similar
to PNPN, PNIN, and other semiconductor diodes. Theoretical
analysis of these devices can be found in the literature, [1]
[2] [3] But to the best of the author's knowledge, little has
been done to determine a nearly linear circuit model that can
be used to predict distortion levels resulting from PIN diodes
in RF circuits. The characterization of the distortion, and in
particular, intermodulation distortion in PIN diodes has been
done empirically. [4] With a nearly linear circuit model of
the PIN diode circuit elements a function of the physical para-
meters, theoretical limits on intermodulation distortion can
now be predicted. Hence the fundamental limit in, say a high
dynamic range switch, can be derived theoretically.

It is ironic that the characteristic that makes PIN di-
odes desirable in microwave application also makes their char-
acterization difficult: that is, their very low distortion
levels. It is not uncommon to find the harmonic content of the
PIN's to be 50 - 120 db below the fundamental. However, using
a cancellation scheme designed and built by D.H. Steinbrecher
and R. Mohlere, [5] it is possible to detect inband intermodu-
lation products as low as 110 db below the primary test fre-
quencies,

In Section II, the semiconductor physics of the PIN di-
ode is given along with a nearly linear circuit model., Using

this model, theoretical harmonic and intermodulation product



levels can be derived. The reults are given in Section III.

Comparison of measured third order intermodulation pro-
duct levels, using the cancellation unit, and theoretical pre-
dictions were made. From the data, it appears that the theo-
retical model gives the proper third order product frequency de-
pendent relations. However, there is a significant error in
the current dependent relations.

In deriving a circuit model, it was assumed that the T
region width and the carrier lifetime are both independent of
the cufrent level; actually, they are not. Increasing current
tends to decrease carrier lifetime and increase the I region
width, thereby increasing the harmonic and intermodulation
product levels. This is one possible explanation for the errors
in current dependence. Others might be the approximations used
in calculating the I region resistance. I1f exact expressions
were used, it would not have been possible to calculate the I
region resistance in closed form.

It appears that if the current dependent relationship of
the I region width and carrier lifetime can be determined, then
the non-linearities in the PIN diode can then be fully characteri-

zed.



I1 PIN Semiconductor Physics
2.0 Introduction

The PIN structure is a triple-layef doubly-diffused semi-
conductor device consisting of a P-doped region, an intrinsic
region and an N-doped region. The high resistivity I region is

generally between 10 - 100 microms thick.

Figure 2.1 PIN Diode

The first PIN structure was proposed by R,N, Hall, [6]
not as a high frequency device, but as a high voltage rectifier
because the presence of an I region greatly increases the re-
verse breakdown voltage. Late in 1958, [7] it was discovered
that the PIN diode behaved as a very linear resistance at micro-
wave frequencies. This I region resistance, dependent only on
DC bias, can be varied from thousands of ohms, under zero or re-
verse bias, to a fraction of an ohm under heavy forward bias.

Figure 22is an application of a PIN diode as a shunt

switch.

-,
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Figure 2.2 PIN Diode Shunt Switch

The presence of stored charges in the I region also per-
mits a higher power-level capability than ordinary PN diode.

This will be discussed in Section 2.3.

2.1 D.C. Analysis

In deriving a nearly linear circuit model it is necessary
to analyze the semiconductor physics of the device. Though an
exact analysis will yield a good characterization of the mi-
nority carrier profile in the intrinsic region, we must resort
to an approximation of the carrier profile in order to arrive
at a reasonable circuit model of the PIN with element values in
closed form.

In forward bias application of the PIN diode, the current
density J will no longer satisfy the low level injection condi-
tion, therezfore, an analysis under high level injection will be
given. [8], *

% The semiconductor physics in this section was derived by A.
Kokkas, Massachusetts Institute of Technology,



Charge neutrality condition:

2.1) m-p = Ng-Na=N

Time dependent diffusion equations:

(2.2) J=7J, + =
(2.3) 3».‘:%”4\(_?[5— '%L%»?Z]
(2.4) 3@“6‘“*["“3 + ‘—‘%%’ﬂ
(2.5) 2%“3%&‘75%%
limimating all variables from equations(2.1)=(2.5)we BSE:
(2.6) g—:e‘: + %ﬁ%&f_ g‘::‘@” nN) UHW %&
- i < T 251.)}2' A e

For high level injection; we get:

9 -
2. Dp _p-po L2
2.7) e = D 3 Laz= L|H|a%_” '

>
O 5

Solving for %& in (2.2), (2.3), and (2.4):



(2.8) ¥ _ pApda - (r™d4.Tn
% Ma Yy AT (2P+ NS

Now, under high level injection, J at x = +d will be majority
carrier current only, i.e.:

3'('&:-6\ = Ja
A similar argument holds for J(-d). Thus, we get the boundary

conditions at high level injection.

~J

2.9 o =

(2.9) 5%‘\”& EywT

(2.10) ] [
2% Qs AT

X=d
When equation (2.7) is solved, subject to the above boundary

conditions, we get:

(2.11) Pe) ~p, Q‘T T Eulc"“"(_d)* corh (2 )]

p(x) is plotted as a function of x in Figure 2.3 using:

I = 20 ma

A = 10—4 cm2

L =2.5x 10-3 cm
a L]

Me=3 M), = 1350 cm2/volt—sec

10



elx) 11

amo" 2,0
14 ¥1o' ] +i-9
19 xio? | 1.9
L ).7
Y
7
I l 4
X=-4 x:-iz X=o0 y,;:’_l- X=d
Figure 2.3

Since the minority carriers in the two highly dope regions can

be neglected, Boltzmann equations at the boundaries become:

sV?/hT Vp = VOLTAGE ACRSS P-1 JUNCTION
(2.12) p(-2)= e 2

3V~\/LT
(2.13) f’(‘ﬂ’-‘): My L Vo= VOLTA&E AcRosS I-N TuNClioly

Combining (2.11), (2.12) and (2.13), we get:

_aglan’ funh Y § (Vo +vad [T

(2.14) J==z e I

In calculating the voltage drop across the I region we must e-
+

valuate E(‘ﬂ\( where E is the electric field in the I re-
-4

gion. Solving for the electric field we get under the high

level injection condition:

J
(2.15) E(A—_-—————"iwlmm - ¢ P o
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&T 34 s"\kd/"‘\ '\’n [_1 44, S I'\Q‘IL

l+ehu\k “/L«IS

¥ l— Bfu\k“/Lg

(2.17) foo “Au4<1 ) Then ~6MT (43

Note that the total voltage drop across the diode is VzVr+Vp+Vy + Veourac:

Vcam“"' Igcj R. is the contact resistance and can be ignored.

Thus VptVm= V-V and substituting this into (2.14) we get:
i(v Vo) /T
J’-

1. 2glam tank s
T Jr-g-tanht Yo

Since the voltage is across the I region is approximately con-

stant then:

(2.18) Rir 5= Q"‘T (L‘:)

Equation (2.18) can be put in a different form by using:

2
(2.19) La= %"%\‘l‘.) where /(,":'f-‘% d Yhe Ewsrew Relathon
A1_D
G =

Substituting these last two equations in (2.18) we get:

Ry: w’ where w=2ad, ,az(uuxxu)/z

i A 297

(2.20)

The method described in determining RI is a rather com-

plicated one. However, if we make the approximation that
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P(x) = C = constant in the I region, then the évaluation of
is much simplified. Using the constitutive law:
(2.21) J=0E
with c'at(ﬁ-'-s('n(i‘)ﬂc*'rlﬁ)up) and the charge neutrality condition
n(x) = p(x), we get:
€ = pt g [eranl =e) g2

Substituting for (2.21) we get:

(2.22) E®= m

Note that if we were to substitute the exact expression for p(x)
in (2.22), closed form evaluation of 5E(x)dx would be impossible.

If the approximation p(x) = constant were made, then:

a
\l;.:~§s(v~)d¥ = %)' f;) S

Multiplying numerator and denominator by A(2d), we get:

Vg < JA @&a Az cross sectwenal area

“flaeta)F A24

But [T:'A(Zd)] is just the total stored charge., Thus:

I
Watrt 0\3 Q

But the total stored charge must obey a%*’% 1

and in the steady state Q = I7 .Therefore:
(aasa N‘L w=ld

—-—-—-—

Ne= wertd) T “aat Rz datMy
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And agrees with equation (2.20).

It is interesting that we choose as our value for
4

7= 53 feeddx

+d d
=i (B ) v o ()]

)
-3 4Tla La e bhid " .
T3 AT s WY [, b b+ A.\L“"*““T«]

- Ik T L
P= 35 e 12 *

\_ad
Now: RI - ?T\-

= 4 AT Mo A (ad‘>
§ILL fuersln) \ A

Using &:“'—I and L:x Da? and if /A e= M, then:

/‘hz

o . @i
- It@'ﬂ(h

(2.23)

which is in close agreement with (2.20).

2.2 AC Analysis
The above analysis shows what happens at DC When ope-

rating the diode at a high frequency, the mathematics becomes

more difficult.

In doing an AC analysis we will consider the diode
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current as I =I“+ IMC"SWI: . Consequently, the carrier con-

centration will be:

?(*,63 Poc () + Poc (7()*)
Jwt
plrt)= Pockd) + Roa[FRLT ]

Because (2.7), the equation governing p(x,t), is a linear
differential equation, we can superimpose the solution of the
DC component with the AC component. Substituting the AC com-

ponent in (2.7) we get:
L
QF _® -

T w0 N et

The AC component must also satisfy the boundary conditions:
(3 _ =Jsc
(%ﬁ)(\--d Q M AT
DF)\ - Jac
Gﬁx——d QUL AT

Solving for F(x), subject to the two boundary conditions, we get:

- X ” :
e300 [ g S o bl b (0,

(2.24) 94\:(")“\: J"'r;-“k\ e uzw“\mus[%(%\ +wt -1 +
FLTRT F | RN cogad (5 4wt -

If A,%), this expression becomes identical to the one derived
by Leenov. [11] Figure 2.4 is a plot of Pac(x,t).

I
AC IDC 20 ma
A= 10-4 cm2

L= 2.5 x 103 en
de= Uy = 1350 cmzlvolt—sec

W= 2nf = 27 nlO8 radians
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Figure 2.4

Thus far we have calculated an exact expression for p(x,t).
Because of the complexity of the function, Pac(x,t) like Pdc(x)

does not yield a close integral for:

f £l __ 4«
$ (g +a ) P"')

-a
Again, we must make the approximation that p(x) = p then we can

writé:

2

- W
2.2 R0 =5355

where Q is the total stored charge in the I region. Using the
continuity relation for Q and I:

2.26 49 . _
2.26)  SF+=x=1

with I = I c + Iaccosurt, we get, solving for Q,

d
Q= T T+ ]._-——-\.I = C.oc(w*'l"f)

Hw Tt

T: ~tan™ wt



17

2
w

R_&):

I ): z"[lm'c + Tact cos(wtt¢)

+wtzt
Re (8)= W
* Zqu’t[_l-f-_l:‘_‘&‘_CosEuf-{-(]
+wrer

From equation (2.25) we can see that the resistance of a PIN di-
ode is very nearly linear. We can, in fact, model the resistance

as a charge controlled resistor:

L

t R(8)= 2
rv R(Q)

Y ag,f%

de
This equation, along with the charge continuity equation,]-‘f*%’l

is sufficient to describe the non-linear behavior of the diode.

2.3 Power Handling Capabilities
The presence of stored charge in the I region also in-
creases the power capabilities of the diodes over ordinary P-N

junction. Consider the simplified representation of a shunt

switch: I e\hs
RFC.
Is —_— O £ ) ————
Zo Zeo
o —
Figure 2.5

When the shunt is operating, that is, when the diode is forward
biased, there will be stored charge, Q, in the I region:
Q = Idc'ts . 'cs = carrier lifetime

Idc = bias current
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For positive cycles of the RF signal, the diode will obviously
remain forward biased. On the negative half cycles, all the
stored charge must be removed before the diode can change states.
The amount of stored charge that must be removed is Idc?§°

For a sinusoidal RF signal,():é%t provided that

This is the case with most PIN diode application. Equating the
charge with the stored charge that must be removed, we can cal-

culate the maximum RF signal level that can be switched.

For I = 20 ma, Ts = 27mx 100 Mhz, T; = 200 nanoseconds, IS =
2.5 amperes. This corresponds to a power level of 130 watts.
The other limitation on power level is that the duty cycle of
the RF signal be sufficiently so that the junction temperature

remains below its maximium rated temperature.
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III Non-linearities
3.0 Introduction
In Section II, we have derived the I region resistance
under DC conditions and under RF excitation. 1In the DC case:
2

Ry= oo
1 2m 71,

where w is the width of the I region and in the AC case:

2

w
ZJI,t|+iﬁEﬁ_.“swt+q
- [' /+wret ( )]

RI;R ({5 =

It is this non-linear time varying resistance that causes har-
monic and intermodulation distortion.

There are two methods for calculating the non-linearities.
One is to assume that the harmonics produced will not themselves
produce any harmonics. Thus we can say that:

V(t) = R(t)I(t)
and by expanding R(t) in a Taylor series and using the various
‘trigonometric identities, we can find the intermodulation pro-
ducts produced. This method is described in Section 3.1.

By assuming that V(t), Q(t), and I(t) are exponentials,

and using 00 .t
V({)= Vo +%ZVM‘ ~ k},‘:ﬂlw
Az ~oD
= Wt
:[&5= Ib*'% ji: 1.2
MNe -8

Q®)= Q.+7%:§:‘QMJ:MMt
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and equation (2.25) and (2.26), and by matching coefficient of
like frequencies, we can also get the resultant distortion. If sim-
plifying assumptions are made, however, the results are identical
to the linear resistance model described in Section 3.1. Fronm

ease of calculation viewpoint, the former is preferred.

3.1 Linear Resistance Method (Harmonic Distortion)

In calculating the non-linearities, we first assume that
the system is nearly linear. Since the higher order harmonics
do not contribute significantly to the low order products. We
can then write: V) = RO I K

RE) = X

24 I, 2 E_'_ Tac/Toe (coswt + l(’)]
Hw'2r
I®= I, + I, Coswt

Assuming W®M), we get ‘-P:‘—’zL and  cos(Wt+Q) = sin wt

Therefore:
2
W

(3. 1) V(t) = (1,.+Tac Cos u*) 2745, T P*;-%é_'%(sm wt )]

and expanding R(t) in a Taylor series with Tao/Xoc >>1 we get:
r+ute?

w’ Tao/Tye
vld)- 2AL.t [Ioe tlasCogwt - T—ii—-(kﬂncoswt) Sl  +

(Fac, ">z.
b:’/;"- (Ioc"‘-rnr_ Coswt) Binwit) — ... + ... _]

Expanding the various trigonometric products and using the

trigonometric identities:

cosy sin @ = -'Z—sm z¢ +-é-
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2 \ i
sin ¢ = z——z_cosZ‘e

3
cos @ = 4-cos 3¢ +2-cos¢

n &

and collecting terms of like frequencies, we get:

Y= [I°c “/I" o) Tac + *** hgher order *ermsl

z.a:.,,'c
V, % W
°*2a T

2,

Iac
{:IA‘._COS“I& ( /R‘) Ibf. wn Wt +-L Lt:./i.i)—rnccoswt

w7
_.........]

:: é%ﬁ) cosw t

(32) stw VY<a07I,

w? -l L‘/Iu____l;lcs‘:"z”é ~ .L (rm_—l-b-—/ Iy, cos2w t
& 2" we 2 (we)*

- o 0 o 4+ 00.]

(3-3> at 2w 11;_:

z
~ W L (Zec J S¢n 2w,T
KRR TS 2(‘1’.’3 wt e

(3.4) at 3w v, (§) = -L) (I"f _J——-— cos 3wt

(w‘t

3.2 Fourier Series Method (Harmonic Distortion)
Tdentical results can be arrived at by using a perturbation

approach. [9], * The basic equations are the same:

* This method for calculating the distortion in PIN diode was
first used by P. Chorney, Unitrode Corp., Watertown, Massa-

chusetts.
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w T
(3.5) V275 §
46 _
(3.6) F"’% =1
g met
(3.7) QW) =Qpe + -ZL Z Qn 2 Wy=2w
nz-=
(3.8) I(t)=1},c+-2’_-ZL..;
- ld...'b
(3.9) V= Vo, + £ L Vm &
Ns D

Substituting (3.7) and (3.8) into (3.5), we get:

(3.10) L= (3We+ =) Ga # weD1 , thea

Lu® W 8n 5 Tpez 9pe2
Rewriting (3.5), we get
w L
24T

Vg =

Substituting (3.7), (3.8), (3.9) and using the equations
*

I, = I.
-(or ceal syste
[ X gleémsg
O = O-m !
Un* = Vem
w? ,
We get \&:m" and at V

5 s x * w2 gwt
el ViR, VY | Vi W& V) higher order]) = W0
R I A

+ Y " * '
Note that Y82 %Gy Y @ V@ o Val
HTE 24 2

and can be ignored. Thus we are left with:



g
(o))
f'ﬂ
H
[ 5%
T
(3 S

I,
but = sin 3.10
! “ Ql I " g ( )
2
_.___..v"‘-r' Vi QD = W L
2w T ' T 2a 2
2
I
or V":.. __-_L—_ - VO /!
24 8pc ‘) W
bui‘ w? _\i?-___—_ _‘!:_c

a2 ‘?oc>5 248y, YW - Jw

@"‘) o.o vl-"‘ wl Il

2.d 8,

wt x wi 2
Y-y, + o™ W (T
~ 1“2[""’ tha = 2,,;2(;,: coswt

This result is identical to (3.2). Solving for V

get:
{ Vo @2 v, Qe ®
— 13 g VUQI Y;QI N-L
+ -+ coen] - X
2 2 Z yre ' l -7 I,

Ignoring the last term and all higher order terms:

w‘l.

Jz- ?-j-— I). = vln. Q2 + Vi Qye + Vi Q2
2. 2 “
orx
Va= W I, - Voc Gz NS
240 Qo Qo Qo -

but Qﬁ% and Q=-L—-

2
s e T, Yoo L _ VI,
13 Qoc ~)2m, [}o‘J' 2w,

2

we

23
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US"\q Qp.= IN;T

W Iz V.c I,- V| I’
V’. = ~ - N - —
za C Icc Iv‘ -JJW T 21-")”’(\

= w™ |- .' - _\_('_E..————-
T 2aTL,, ijt_] ZI-‘JWT

Stnce wTI )

w? I. v, L,

~~

‘L&

If the current through the diode has no significant com-
ponent higher than Il’ then:

~-ViT, '
2wt M (.19)

[}

Va

2 o2
(3.12) v = =¥ I

- L Juat +
UZ"zE’z.R-w'-er,gf%] -w? A

2
- T
2ar(wty 2 337) cos 2 Wt

This is in agreement with equation (3.3). Similarly for

the third harmonic we get:

2
ey Qs Vi Vo @ LW
[T* > g i +.“'1=2 24T 13
Solving for V3:
w";[,
o e————— Y, Qe Yo @ Vv
Vs * 289, @2 2 -2 Qs

2@, Qo 2

Using Rnaz I8

JWa




W i T, Va1, Yoo Is 25
E——— _‘#

Yy = - - -
> 2.4 Q¢ s IW-J.*N L, Tyw QD&)U

but —2E— Vo
“ ZAAQha>>G%413kI

W VL w 5} )
2. P T oy T 2 vy, K24 (we)

and  us Ay @.2)

V; -~

fqa if the curcent hag o ‘\M‘mamcs) then ;=0

and
Jwyt -
- L * mavst
?}'3 = 2,(V5L + VS‘_ /

n

vy= Zaced (7) (2 cos 3t
Again the results are identical with those derived by the linear
resistance method.

It is obvious that although both methods will yeild iden-

tical results, given siuilar assumptions, the first is preferred.

3.3 Linear Resistance Method (Intermodulation Distortion)

In most applications, harmonic products can be filtered
out. However, if there is intermodulation products, then in-
band interference signals will result., (See Appendix A).

In analysing the intermodulation products, we will con-
sider the PIN diode current to be approximately a two-tone
signal, that is, a double sideband carrier surpressed signal.

Then I

Idc + Iac[cesw.t-\» c.osw,t]_ Because the e=-

quation relating I to Q, ,;—f—-q-%:j[ is linear, then the total

stored charge will just be:

Gz Rt 2T (coswittB)+ coswnt )] Lz wams

tuwitd

Thus, we can write:
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wt \

RO= 2z T2 Tac/ %
M Lloc E\ y = (cos wtep, v cod w,‘t-t-'(’z\—l

‘_-—________—-—'"-—_——

Irwitt
‘P’; —~tan™ W, ¢, = —taw WaT
Expanding in a Taylox series and assuming wt»l so that

cos w‘t-rf; ";\',S(;w W)t and coswzt""f»z = Sew w,T we get:

2
W Tac/Toc ) i ,
Q(’Q = 2aTI, E— :)/T (SU‘!\- wt + Sin l«);’t) +

(3
AT ) (sunmtt Som wd? —

(wo*

x >
(2

W(Sv;\“,tfs&u,t)s-(- .- .]

Wwith vV(t) = R(e)I(t).

Again, we mnust make use of trigonometric ijdentities, and the
~
steinbrecher expansion for fcu® + cosy] - f1i0] Expanding

and collecting terms of like frequencies we get:

we
e . 3 -
& w Ve wn‘cirﬁc con it * To[casimiit - F& sonmt] t
. Toc[30
'I.,,('os.‘s“wn‘- + -.":o»" cos W t) g a~ _;/_t—&

w? {- . 3_-
o W, U= 2atT.. {_\,.GCOsw,_t ‘\-I,,_\'-:as»w,t - -:"_-a Som wza{-

IAc (a‘.' Sv." w,_f, + %‘_‘63- Cos w)t) 3




: A1, (=2)3 sw(zw —n) 6+
W { 13 2
{ L[ 7.) alcos (2w, ~w)t + -a-‘f cos (2w, ~w») {:]S’

w? o (-a®)% Sen (2w, -w) & + .
Wh Wy VR 5 AT I, I“‘[(-—é) cos (2wy-w)t + %- cos (’2%‘“'3{]}

We have not collected terms for other frequencies because they
are not inband signals and will not cause any significant inter-

ference with our signals. Note that for wWTl and 1'.;,1.“ <]

_ Tae/znc
e« 1

The greatest component at (W, and W, is:
2 2

V-\J IM_COSw.f "U'z = :\I

4TI, 24 Tl

Similarly, ignoring the other negligible terms at 2W,-&, and

2W, W, we get:

N w? Tac\3
Zw’~w1 24T (%)1 ("") cos (2(4’, ‘\-’z)t

Ia\>
’\gw;'“l ( ) 24 t(w‘t) (_1::) ¢os (Zw,-t-\)t

3.4 Fourier Series Method (Intermodulation Product)

Again, identical results can be arrived at using a

perturbation approach:

The basic equations are the same:
2
we I
:__——"
(3.13) Ve =
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9 . & _
(3.14) i

But now, V(t), I(t), Q(t) contain intermodulation com=-

ponents:¥*

3@""%)% + (7w €

(3.15) \I(,t\l Voo"'%_zz:‘vm,m—z-

H[=D o
(3.16) G;(q-_QDCJf—’s_ZZQM,M;[ - w.+(7_3w]t

(I, + (221
(3.17) I(‘t}: IOc"' JZQ..Z)E IM‘, " ;L £ | @M-,_ )-]

\4
m=4 m=2.
W, W,
r ,
2w, -WL Awg -,
3&'.—29;
T Tr
o &3 ) 3~ 2 0 -2 <
Figure 3.1 Intermodulation Product Spectrum
Using (3.14) and substituting in for I and Q, we have:
(3.18) = Tnya -
QM'M . m-N J Q°¢= Ibr.‘t
3( = Wt W
d iﬁ@de—

* See Appendix A for explanation of the notation use
noting the frequencies.



Expanding (3.15):

dw t ¥+ _ut swet k. —ywet
V= Vo ?_(VH *V')I-Q'J )*Ji(V'JﬂL + :-/L >'f'

22w —wy)t yx —J(’lw,-w;\t\ +

Yive + Y3 L
- - Gwr-w
-L( ~3i(z% w1 V,.*?"- ) |)‘(‘) + o o o
4

Using the above expansion, and (3.13), then solving for Iy -3

we have:

N

-4 » »

. . .
w" (I‘)'3>_ Vo«.@t,-}_’_ ®oV), 3 + Vz;; 0\ + &, Wiy,
L /7 72 Z “+ 4

Simplifying and using (3.18), we get:

X ¥ 4
v —HI' =Y Ty | Vi, w2\ Ty Tyt
|-3 thIoc — . 22— -Gats —— 2

T jawew) 2jw,T,T o) 31, T

et
N

.l‘—-- __,!_‘.l———- WL ‘
Wt o Zzmrr,, oM At 7

PR e ~
25T, J (2w,~w)?

R V L# wl I')’ IZJ—Z.
. V - _______—I‘ -3+ 1)~ \ _ é‘:————
ve T aatg, Jaw, I, T Ul 4y Tpc T
w? T
l V= KI Vz - - e ——— 2 "l a’hJ
us '\? 3 -2 l;a . IDL
w?t I2
- e )7
(3.12) Vir = S EToL
L. ¥, 1:.,, LI B

, 2
2 -
Vir3 = L, 4wt L) Tijo

24T, *y LATT W, (mD*

By choesing our time origin so I‘—"-I,,c-rl;‘,‘ coswt

# Pald
I,':Lﬂ-.: Tac and I,-;mo

L 4

29
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Vs = —Z:—— Z':,I’C(wt)" (]::c::)

J(zwy—w)t *
+ V’;"b (2

3 (3> - Y

f
2,

o, = 1 (Y3t

1;2)3 ) ¢
(I’ Cos w;" /

[

)

I
-~
R
<4

~

Le,-w) ~ T 24

eement with the results in Section 3.3.

Again, this is in agr

Though both methods will yield identical results, the

former is much simpler and in terms of ease of calculations more

desirable.
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1V Intermodulation Product Measurements
4.0 We have shown that the third order intermodulation product
is:
L
W Tac 3
= -y 0s (2w, -w)Ht
4.1 V=g anter (I‘,J 5 (2 -wi)

Qualitatively, their behavior agrees with actual measurements,
that is, the third order intermodulation products decrease with
increasing DC bias and increasing frequency.

In characterizing the intermodulation products quantita-
tively, we will use the intercept form as explained in Appendix

th

A; the n order intermodulation product has a slope of n when

versus log P scale.

plotted on a log Po in

\qjﬂizwgv

ut

r-Iq Figure 4.1
Intermodulation
Products as a
Function of Input

Power Level

/ ‘I% ‘;1/ MQDJ ol

From Figure (4.1), we see that the fundamental component
has a slope of 1:
(4.2) V5% yy =0log(P, ¢ 1)

p “otog(Py, ;)

The ntP order intermodulation products must go as:

X

(4.3) ' y, = nx_ + bn Yq =(0log P

n out, n

bn= constant
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Now at the nth order intercept, Yy

- =4

or X =
1 o -\

0 = Y1 therefore x; = nxl-+h“

Solving for bn from (4.3), we have:

*\"XM
b =M$|"‘1q\ _ X"i‘
O =

n
S. In = 10 .onPln,i"“lo(eoa ?0“"" " '?L?"T' "“)

For the third order intercept, we have:

L+ \O‘._-eba Potﬂ)l - l‘g ?ou.‘t,'s—l
2

(4.4) I3= lO-Qoa o,

The characteristic that makes PIN diodes desirable for microwave
applications also makes their characterization difficult, i.e.,
their very low distortion levels. It is not uncommon toO find
the harmonic content of the PIN diodes to be 50 - 120 db below
the fundamental. This far exceeds the dynamic range of any
available spectrum analyzer.

Using a cancellation scheme developed by D.H, Steinbrecher
and R. Mohlere, it is possible to observe these low level signals
adjacent to signals 50 - 120 db stronger. Figure 4.2 is a diagram
of the cancellation device.

The two-tone signals are fed in and ampiified by 12 db
and attenuated by 12 db. (This isolates tha-@gcillators frﬁm
the rest of the cancellation device.) The two-tomne signal is
then divided by a hybrid. The signals in érms 1 and 3 are then
adjusted with respect to phase and amplitude in order to can-

cel the two primary signals at the output.




w, phase

NULL ‘ 33
KM
_/ A
Wy
Vq w, (l\p\\'“!le
wy DEvicE | Y AP
A
———e A I 4
| 5" s |3

ARM 3 1go* Iw.
w?.
Va N\t ouUTPUT

w, phase

j' I }Fﬂ /‘° ARM 2.
l I w, amplitvde é %
W,
: Figure 4.2 Cancellation Unit
Attached to the cancellation unit is a special PIN di-
ode mounting. (Figure 4.3).
BIAS
REC RFC
FROM <Ol Ol To A (¥R
CANCELLATION u,,“:c'e ATioN
UN\T

Figure 4,3 PIN Diode Mount

The equivalent circuit of the PIN diode and the cancella-

tion unit is given in Figure 4.4.
2

é) - % i% % T seectwom
Wy, w, J, vj 2 _V° ANALYZER

81As

Figure 4.4 Equivalent Circuit
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-0

3
t

Cancellation Unit

Figure 4.8
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In this circuit at W, or W, when the diode is forward biased

Therefore, the time average power is:

(3 -3

At the upper third order product the equivalent circuit
is shown in Figure 4.9

R: V', -3
- + Figure 4.9

T M\ C) 7 | &

. Pu4____;§

\ pwdE .

Z, 2 SPECTRUM  ANALYZER
and
V.‘ = 2; ,-3 = iv‘)’B
2w, -w,

4,1 Theoretical Calculations of Third-Order Intercepts

In calculating the theoretical intercept, we will assume
that Z0 = 50 ohms, and that the forward impedance of the diode
is about 0.5 ohms.

Using a reference power level of 1 dbm:

*lolﬁge%ugj_
2

where P is the 3rd
out, 3

order intermodulation product power
level.



Vi
Using the network shown in Figure 4.4, Iac = EE‘ at 1
°
2
dbm with Z0 = 50 ohms: A —\0;5 2 -4 2
e or VL =10 vours
22,

Substituting the last tow equations into (4.5) along with

u = .2 m2/volt—sec
T = 210 nanoseconds for Varian diodes
W = 13 microns
we get: P= l-758 :Io'i
T° 4" I,
T = carrier lifetime in nanoseconds
f = frequency in Mhz
1 = current in milliamperes

In terms of dbm we get:
3

(4.6) P 10log P3/1o'

152.3 - 60log - 40 log f - 60log Idc
The third order intermodulation product level written in inter-
cept form using equation (4.6) becomes I, = 10log PI

(4.7} I. = =76 + 30log + 40log £ + 30log I

3 de

4.2 Measured Results
Measurements on third order intermodulation products were

made at various frequencies and bias levels on four PIN diodes.

Diode number Carrier lifetime
Varian VSD211N20-1 215 nanoseconds
Varian VSD211N26—2 220 nanoseconds
Varian VSD211N20-4 185 nanoseconds

Unitrode UM4001B 5000 nanoseconds
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The third order intercept for the Varian diodes along
with the theoretical intercepts are plotted as a function of
frequency and current. No plots were moade for the Unitrode
UM4001B diode because no intermodulation products were observed.
From equation (4.6) we see that the third order intermodulation
product decreases 60 db per decade increase in carrier lifetime.
Thus, with a carrier lifetime of 5 microseconds, 25 times as long
as the Varian diodes, we can expect the third order intermodu-
lation products to be at least 160 db below the primary signals.
These levels are beyond that of the cancellation unit.

The frequencies used were:

f f

1 2

10.00 10.05 Mhz
12.00 12.05 Mhz
15.00 15.05 Mhz
20.00 20.05 Mhz
30.00 30.05 Mhz
40.00 40.05 Mhz

The bias levels used were 6, 10, 12, 15, 20, 30 milliamperes.
All graphs in this report contain two plots, one a theo -
retical intercept versus either bias current oOr frequency, the
other a measured third order intercept.
Figures4.10, 4.11, 4.12 are plots of I3 versus frequency
at bias levels of 6, 10, and 15 milliamperes respectively for
the Varian PIN diode VSD211N20-1. As shown, the theoretical

and measured intercepts differ by no more than four db.
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This is within the accuracy of the methods used. Possible errors
can result from measurement of physical parameters of the diodes,
measuring the intermodulation levels on the spectrum analyzer,
input power errors and, of course, the approximation used for
the carrier profile,

Figure 4.13 and Figure 4.14 are a plot of I, versus 1

3 dec
at frequencies of 10.00, 10.05 Mhz and 15.00, 15.05 Mhz respec-
tively. There is a significant error between the theoretical
and measured slopes.

In calculating the third-order intercept we assumed that
the carrier lifetime and the width of the I region remained in-
dependent of bias current. Consequently the predicted third or-
der intercept has a 30 db/decade current dope. However, carrier
lifetime decreases with increased current and I region width in-
creases with increasing bias current. Their effects are to de-
crease the slope of I3 versus Idc’ To the best of the author's
knowledge, little or no theoretical work has been done in deter-
mining the exact relation between I region width and current;
and carrier lifetime and current. Some empirical relations have
been determined. [11] Figures 4.15, 4.16, 4.17, 4.18 and 4.19
are intercepts versus frequency and current for the Varian VSD211N20-
2 PIN diode. Again, there is a significant error in Figures 4.18
and 4.19, the intercept plotte as a function of current.

Figures 4.20, 4.21, 4.22, 4.23 and 4.24 are intercept
versus frequeney and current for the Varian VSD211N20-4 PIN di-
ode. There are errors in all slopes, the greatest in Figures

4.23 and 4.24. One possible explanation is that this diode was
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the first one used in making intermodulation measurements and
thus subjected to more shock, more junction heating and other
conditions that may affect the device parameters. This is in
addition to the other sources of errors discussed previously.

Other than the last diode, all of the PIN diode intercepts
were within 10 db of the theoretical intercepts in the frequency
range of 10 - 40 Mhz and in the c.rrent range of 6 - 30 milli-

amperes.
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\ Conclusion

We have derived the mathematical relationship between
harmonic and intermodulation products and the physical device
parameters. For minimum distortion products, the I region width
should be made as small as possible and the carrier lifetime
should be made as large as possible. This will reduce the num-
ber of carriers that can recombine in the I region thereby de-
creasing the intermodulation product level. But in reducing
the I region width, one also decreases the power level capa-
bilities - if only the carrier lifetime were increased, power
capacity would not be affected. In fact, increasing the carrier
lifetime will lead to a more efficient reduction of the dis-
tortion products since the ith order distortion product decreases
with the i—lth power of the carrier lifetime.

We have not derived in this report)the relationship be-
tween current, carrier lifetime and I region width. If such
relationships are determined, the PIN diode intercepts can then
be fully characterized with respect to current.

Future plans should also include increasing the amount
of cancellation possible with the cancellation unit in addition
to reducing systems intermodulation levels. In order to further
reduce system intermods, larger ferrite cores should be used in
the PIN diode mounting circuit and in the hybrids. Also neces-
sary is the stabilization of the PIN diode attenuators in the

cancellation unit.
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Appendix A Intermodulation Distortion Analysis
Intermodulation distortion, another result of non-linea-
rities in systems, is less desirable than harmonic distortion
because some intermodulation products are inband signals and
cannot be filtered. 1In quantatitively analysing intermodulation
products we have adopted the following notation introduced by

Professor D.H. Steinbrecher [5]:

\4
M = CLUSTER
NUMBER _
“\ "'I. ,m:\ m\-L
w,tW
., 26, 2w, 20
g 1 K D B
1 | 1 , P
oy\:S‘Sl"/-S': 2 0 -
componen‘l'
numbec

With this notation we can identify any particular cluster by the m
index and any component of that cluster by the n index; the
frequency of the m,n product is just 4= C‘%’—“—){\‘\'G‘l‘—;—-)(,_
The order of the intermodulation product 1is \'!%"M\-r \-'—‘-;_-9\
(In most cases, the most troublesome components are the third or-
der components at 25.-£, and ﬂ-ﬂ"‘(-;.)

Iin analyzing intermodulation products, it is necessary

to write the output in a Taylor series expansion:

Vo=2 a-m\/,”\

1f the input signal is two-tomne, then W= (005“’.{"" cos Lo,;L)
From the above expression it is obvious that some closed ex-

U
pansion for (COSW"‘:*COSU";’*) is necessary. Such an ex-
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pression has been derived by Professor D.H. Steinbrecher. [10]

N \& e i\-ﬁ- (—B ] [\+ (-n)“ltk] [/ K K
(cose, + Cos QQ 2" Z 2 L‘S %) (‘i%_ﬁ)

M-k AL

mtA m-Q0
Cos | =3 4, + —— ?tl

In describing quantatively the intermodulation products, the
intercept form [5] is preferred over the IMR, the intermodula-
tion ratio. The IMR is just the ratio of the third order inter-
modulation product to the primary signal and thus, a function

of the input signal level.

The intercept level is defined as the point wher the nth
order intermodulation product level is equal to the primary
signal level. This point ifself is a theoretical one and is
formed by the projection of the curves in the well behaved re-
gion. The well behaved region can be defined as the region
where contribution of the ith order product to the i-lth pro-
duct is negligible This is equivalent to saying that the slope
of the ith order product is i. Using the intercept measure

the non-linearilies can te characterized without reference to a

particular input signal lev.l. See Figure A.2
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Appendix B List of Symbols

J total current density J = Je + Jh

Je electron current density

Jh hole current density

n electron concen.ration (equilibrium and intrinsic
concentration aenoted by o and i respectively)

p hole concentration (equilibrium and intrinsic con-
centration denoted by o and i respectively)

Nd donor concentration

Na acceptor concentration

,ue electron mobility

Ay hole mobility

q electron charge

E electric field

k Boltzmann's constant

T temperature in degrees Kelvin

b A 1%

Da diffusion constant

La diffusion length

T carrier lifetime

wW I region width w = 2d
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