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ABSTRACT

In this paper, primérily7the diode switching circuits, conventionél loaded
line and reflection phase shifters are reviewed. Tﬁe presentaiton is carried
out in a theoretical manner rather than microwave engineering formulation. '
Secondorlly, four novel digital phase shifter configurations which are
suitable for monolithic fabrication are presented. Operation of the new
circuits is based upon the phase shifting properties of symmetrical.

lowpass and highpass L-C ladders. In the new designs, use of ideal microwave
switches, loaded lines, sw1tched llnes and hybrids are not requlred Thus
especially at extra high frequenc1e§ s1gn1f1cant losses due to these

- elements are eliminated. Theoretical analysis indicates that new phase

" shifter configﬁrations provide improved phase shifting pefformance over

the classical approaches.

Explicit design equations are presented for each phase shifter studied in
this paper. Design examples are also included to emphasizé the practical

use of the new approaches.




I INTRODUCTION P

In the design of large antenna array systems there is an incneasing
demand to design low-loss phase shifters, especially at extra highvfneouencies
(EHF). Circuit losses are basically due to switching elements as well as
mismatch and passive components. Switching 1osses are inevitable. However,
passive component losses may be reduced by choosing the monolithic approach

since it provides compact size.

In this study, first the diode switching circuits 1n digital phase
shifters, and conventional loaded line and reflection phase shifters are
presented. The presentation is carried out in a circuit theoretic apnroach
rather then classical microwave engineering formulation. Then four novel
digital phase shifter configurations which are suitable for monolithic
implementation are introduced. It is shown that these circuit configurations
provide better phase shifting performance over the loaded line and reflection

phase shifter approaches.

II. DIODES AS SWITCHING ELEMENTS

In the design of digital phase shifters, PIN diodes may be used as
switching elements. In this section ‘different diode switching circuits
which can be used in the phase shifter designh are atudied. :

A simple pin diode model is shown in figure1a. In practice; the
ideal behavior of the diode is perturbed by forward (R ) and reverse (Rr)
biased resistances which should beclose to each other and as small as

realizables at the switching states.

A diode may be used as a series switch as shown in figure 1b In the
high frequency applications for practical realization, an inductance L in
parallel with the diode is used to adjust diode capacitance CD yielding the
effective capacitor C at the center frequency fo. The shunt inductance L is

given by:

w L = 1 / (1




A shunt switch may be realized using a single diode as shown in

' Figure 2. When D is reverse biased, shunt inductance LA and -equivalent

capacitor

Co 'z e—— : (2)

produces either a desired value of an effective inductance L or a ca-
pacitor C, or both. In the forward biase state of the diode, elements
LA and CA resonate at the center frequency fo (wO = 2uf0= 1, normalized).

Thus, the shunt switch is open. at this state.

The element values of the shunt switch to produce an inductance L

for an effective capacitance C and for a given diode capacitor CD can be

approximated as follows:

C, ¥ g - (3)

L, 2 et (4)

Another switch which éonsists of-an inductance ih series with a
diode D can be used both in shunt and series configurations (Figure 3).

When D is reverse biased:

(a)y Z{(jw) = jw L, +

1 .
A e may resonate at fo and it acts as a

D

short circuit at the design frequency fo’

(b) Z (jwo) approximates a capacitor C

(¢) 2Z (jwo) acts as an inductor L.

When diode D is forward biased, actual inductance LA is seen across

the switch terminals.




IIT LOADED LINE PHASE SHIFTERS

A transmission line with electrical length Q can be used as a
phase shifting unit if the line is symmetrically loaded w1th series or
paralel reactive immitances at both ends (Figure 4) [1],[2] Let "A" (BIT-IN)
and "B" (BIT-OUT) represent different switching states. At state A, the
“transmission line is loaded with reactive loads X, (or suseptive load YA),

otherwise XB (or YB).

In Figure 4, the series loading X may be considered as a lossless

two-port [X ].

Let (sx ) = (pxkt ev xkl) o A (5)
and (E ;) = (pe. . . edPekly | 1 - 1,2 f (6)

dre the scattering parameters of the load network [x] and the' transmission

line (g ) respectively using the losslessness condition of (Q ) the scattering

parameters Eij ‘can be obtained as:

E,p = Eyy = 0 (7)
- . 1.e9% ‘
By, = E,, = 1.ev u (8)
Let (Skl=:pklejgkl); k, 1= 1,2 denote the scattering parameters of

the loaded line shown in figure 4.

Then, it can be shown that
{
2
S,.= S,.= ] 2X- X v 5 )
2(1=pX) + j(2u +2X=-XW) '

' Qhepe H= tan QO ‘ ‘ ‘ | (10)

The transfer scattering parameter 321 can be written as in [37]

2 \
S E
x21 21 (11)

21 7 1=E5 8,10

S




For an ideal phase shifter, the transmiasion loss should be zero. Thus;

ot
t

Ct

2 2 2.
IS11| =v|‘522| = 1 —‘|521| =0 (12)
and ‘employing ( 9),
5 | _
2X = X =0 . (13)
or
. » ’ ;
g = tan QO=T (1)4)

On the other hand, desired phase shift A@ is defined as the phase

eifference"between P51 and ®21B . That ief

p1a = P21p) as)

where @21A'and 021B are the corresponding phases of 821 at states A and B

respectively.

For a given reactance X,

)= © (16)

Considering (15) together with (16), under perfect matched conditions

=

X

1 A
- ) . (17)

AD = %2 (tan™ -;5 ~tan”
At this point, it is important to notice that under perfect
transmission conditions (14) defines two different electrical lengths

*) = tan-1-§ﬁi'and & = tan°1—§§x for the . transmission line &
oA 2 oB 2 .

which is not realizable. For small phase changes, however, the transmission
loss at both states A and B can be neglected and goA and OoB will be close

to each other. In this case, (17) is safe to use and the length Go can be

;

o e

o



For an ideal phase shifter, the transmission loss should be zero. Thus;

=0 (12)

2 2 .12
181117 = Ispo [ = 1 = I8y
and -employing ( 9), “ . |
2X - x2u =0 . (13) I
or %
. ) .
= tan 90=—-)-(-— (14)

On the other hand, desired phase shift AQ is defined as the phase

difference between @,., and 0, - That is,

- 4 - :
AD = _(®21A @21B) (15)
where @21A~and @215 are the corresponding phases of 821 at states A and B
respectively.

For a given reactance X,

-1 X
@21 = 2 tan (_é—)z QO (16)

Considering (15) together with (16), under perfect matched conditions

-

X
AD = 32 (tam-1 —%5 ~tan”" 7;L ) : (17

At this point, it is important to notice that under perfect
transmission conditions (14) defines two different electrical lengths

e = tan—1-££:‘and e = tan°1-§§a for the . transmission line @
oA 2 oB 2 o]
which is not realizable. For small phase changes, however, the transmission
loss at both states A and B can be neglected and QoA and goB will be close

to each other. In this case, (17) is safe to use and the length Qo can be

/




chosen between goA and goB (or QOBand QOA) to minimize and balance

the insertion loss.at both states.

Our practical experience indicates that for |A®|s450 it may be

convenient to choose 90 as

e + ©
~ OA oB
go= (18)
or V________j
Oo::QOA . goB (19)

Based upon the above analysis, it is concludéd that, there is an

inavitable mismatch loss build in the loaded line phase shifters since
the’center line Qo can naver satisfy the perfect transmission condition

of ('0) simultaneously if both XA and XB are differant from zero

(or YA’ YB # @)

Therefore, it is appropriate to name these phase shifters as "intrinsicaily

mismatched" loaded line phase shifters.

For the large phase changes, one may wish to employ perfectly matched

loaded line phase shifters .at both states which are described in the following

section.
PRACTICAL LOADED LINE PHASE SHIFTERS

.A typical series loaded line configuration is shown in Figure 5a. The
reactive impedances of diodes D1 and D2 are transformed on the center line
over the transformers [GT].The desired phase shift A@ is achieved when the
diodes are swicthed on and off. Depending on the switching states of the
diodes, series reactances XA and XB load the center line Qo‘ For a given

diode capacitance CD and the phase shift +A@, the line lengths QO and QT

can easily be computed at the center frequency fo.

Let us introduce the new parameters XIAB and Mo as follows:

‘ o 1
X = = 2 = e (at W = 1) (20)
L WOCD CD o)
1 AD .
B‘= -~ tan (_?7-) (21)
up= tan 8, (22)

For small phase changes, (17) can be used to approximate B:




e s . (23)

Employing transmission line equations Dﬂ XA and XB are calculated

g + X X. + X
X, = 2._L B 2wy
1- Xy 1 -XgX,
X = w4, (25)
B ° m

N

where A_ = 98°X 4(48 - X )(B - X ). Thus, the transformer length

L -
8,, is found :
T -1 7
Qthan Moy ‘ (26)
-1
=tan XB

Under the perfect transmission conditions, the line lengths

QOA = tan-1 —52(—-/
A
and
goB= tan-1 -;— are calculated, and the center line length Go is chosen
B .
as
o £ 60.€ 8 (27)
° (aorB) ° °(B or A)

to minimize and equalize the transmission loss of the phase shifter at

each switching state.

It should be noted that in (25) A, should be non-negative (AaZD)'

If this is not the case, one must conclude that for given diode capaci-
tance CD’ this particular phase shifter configuration cannot be used to
obtaine the desired phase shift. However, effective value of the diode

capacitance C_ may be rediuced by shunting it with an inductance LX'

D
Once the ideal element values of the phase shifter is calculated,
detailed analysis,inmclutting the diode and otheriparasitics can be -

carried out using a computer program (e.g. -ANA 5) Under many practical.




circumstances, parallel loaded line“phaSe shiftens are more attractive

to design engineers (Figure 5b) because of easy circuit. rgalizations

Analysis of the parallel loaded line phase shifter with transformers
:OT is very similar to that of series one : .. However, the
' same design equation can not be used by simply replacing reactance
jx(Alof'By with suseptance JX(A or B)
" 'When the diode D is forward biased, ideally, the load suseptance
Yt=‘1/Rf ‘approaches to infinity -and QT‘is calculated as follows

tan 85 =W = - -%— (28)
N
Employing (28), YA and YB are calculated for the gibgn phase shift
AQ as 7y ‘ - ;
_33‘¢JZb | | o /

Y, = __§TT—:-EYE) S29)

: Y Y -1 .
B'L
L awrs A - (30)

where
. 9g% - h(1+ BY(UBY + 1)
- L L ‘ -
~and B is given by (21).

Employing (29-30), the line lengths goA and goB for perfect

transmission are defined at the switching states A and B :

e = 'c,an~1 2 + kTJC (31
odA Y
. A
=1 2
e = tan —— + kJX - (32)

where k is set to 1 for Y(A B)'<O, k=0 otherwise. Then the center

llne length 9 is chosen as




GO(A or B)~<GO< QO(B or A).

The phase shifters described above are suitable for small phase chahges. 0

other hand, they suffer from poor tracking capability with high transmissi
loss, since there is an inevitable mismatch lo&s introduced at each switch

state even if the ideal circuit elements are used in the design. In additi
the effect of parasitics increase the transmission loss substantially as
the operating frequency deviates from the center frequency fo. Perfectly
matched loaded line phase shifters, however, provide larger phase changes
with improved'transmission loss characteristics which in turn results in

larger bandwidth
PERFECTLY MATCHED LOADED LINE PHASE SHIFTERS

A perfectly matched loaded line phase shifter with shunt loads is / {
shown in figure 5c¢. In this figure, the center line GoiS%symmetrically :
loaded with the lumped switching circuits dis cussed in Section II (See

Figure 3 also).

When D1 and D2 are revsrsed biased the shunt switches act as capacitor

at the center frequency fo.

In this case, the effective value of the loading capacitor C is

given as a function of the phase shift AQ:

¢ = 2 tan (A2 (33a)

and the transmission line length Qo is calculated using the perfect match

condition of (14)

e=2 tan-'1 ( 2

—C—-) ' (33b)

The tuning capacitor CA and inductance LA in the shunt switch are

given by (4) and (5).

A simple version of a R perfectly matched loaded line
is shown in Fig. 5d [6] i . In this circuit, when the diodes D are

reverse biased, the center line Go is loaded by the reverse biase capacitance}

C. Under forward biase conditions, transmission line Qo will be load free.



value of the "load oapaciténce and the length of the line are calculated

for perfect match conditions using (33).

Perfectiy matched loadéd line phase shifters certainly provide
imbroved phase shifting'performance over the mismatched lines as to larger
bandwidth, smaller transmission loss, better tracking capability, etc.
However,‘fhere‘ére restrictive circumstances that may still call for
lower loss and better tracking capability over a wide frequency band.
Reflection typé and the lumped element phase shifters, discussed throughout
© this paper,.presumably offer better phase shifting performance over the
loaded line phase shifters and they are also suitable for monolitic

implementation.

REFLECTION PHASE SHIFTERS

Reflection phase shifters are widely used in practice due to their
large phase shift capabilities. A phase shift of 180° can easily be accom -

plished without any difficulty [7]

Referring to figure 6a. when an incident wave "a" hits the lossless
load (L), it will be completely reflected back with a certain amount of
t‘phase shift. At the load terminal plane, the phase shift between the
incident wave "a'" and theé reflected wave "b" is given by the phase @ of the

reflection coefficient S :

s=1e?
- 1 -Y
) 2L‘ 11 - T YL (34)
L* L
where ZL = jXL represents the lossless load impedance, and YL= 1/ZL is

the corresponding load admittance.

In order to make a physically realizable phase shifter, reflected
wéve "b" from the reactive termination should be received by a different
port rather than input. Therefore, a simple reflection type time delay phase
shifter must contain at least 3-port which is realized as a circulator.
Hoﬁever, at high frequencies, physical implementation of the circulators

become difficult. Instead, lossless 4-port circuits, are used with symmetric




reactive loading to design phase shifters. In any event, the phase

change in a reflection phase shifter is determined by the phase change

AR

of the reflection coefficient of the reactive terminations. In figure
6b reflection phase shifters with shunt switching realized using
branch-line couplers is shown. Element values of these switching circuits

are easily adjusted to come up with the desired phase shift.

Reflection phase shifters offer some distinct advantages over the
other phase shifters such as excellent phase tracking capability, wider
bandwidth and idealy no mismatches at the input and output ports. On
the other hand, the insertion loss of the phase shifter is highly sensitive
to the element values when the losslessness of the switching circuits are
perturbed by the practical implementations. In practice, loss of the 3-port
or U-port couplers which make the body of the phase shifter also contribute
to the overall loss. This contribution, at the high frequenc¢ies, may not even

be tolerable.

Therefore, at extra high frequencies (EHF) only large phase shifts
(e.g 1800 shift) may be feasible to be realized using the reflection phase
shifters. For small shifts, Qifferent approaches are preferred.

["

A 180° BIT PHASE SHIFTER USING BRANCH LINE COUPLER WITH SHUNT SWITCH CIRCUITS:

In figure 6b, reactive. loads: act as "inductances L when diodes

are forward biased:

or

L = A ‘ (35)

where

Crp = e
T®TC,+Cp

. When diodes D are reverse biased, shunt switches represent an effective

capacitor C such that C=L.




On the other hand, C is also given as:

.. LACA—1 56)
LA

Employing (35-36) an expression for LA is obtained:

, ,
(1 + CACT)LA - (CA + CT)LA + 1 =0 | (37)
(C +C) + HC -Cc)o-
o Y M A~ b
A 20T+ Gyv Cp)

Notice that, in (37), choice of the tuning capacitor CA can not be
arbitrary, rather it should be chosen to yield a r@alizéble value
for LA which can easily be obtained by examining the discriminatork

Ac > 0-of (37)

2
Ac = (CA + CT) - 41 o+ CACT) >0
or
bA - CT> 2

‘ Clearly, a minimum value for CA is required to endup with a
realizable LA. Thusr for a given value of diode capacitance CD’ element
values of the shunt switch is computed satisfying the realizibility
condition of (59). The shunt inductance LA is obtained by solving (37)

Similar analysis can be carried out for different phase shifts.

3. Element L-C LADDERS AS PHASE SHIFTERS

In this section, we introduce four different digital phase
shifter configurations based upon the operation of the lowpass and
highpass, T and K section L-C ladders [8]. These circuits offer
relatively better performance over the phase shifters discussed

thorughout the paper. Furthermore, they are suitable for monolithic

implementations.
EFlement vauled of a symmetric, 3-element lowpass or highpass ladder

are chosen so that at a given frequency fo’ the ladder network yields the

desired phase shift @S with zero insertion loss. Referring to Figure T,
let C and L be the normalized element values for capacitances and inductances

respectively, and (Skl (8); 8 = o+ Jw, Kk, 1=1,2) denote the unit normalized

scattering parameters of the lossless ladders. On the jw axis,




. jPk1
Sq (W) =P, KL . 1,2 (39)

At the center frequency fé, a desired phase shift stith perfect trans-
mission (i.e. zero. insertion loss) is achieved when the following

conditions are simultaneously satisfied:

0 (W) =0

s o 21 (wo) , (hoa)

(40Dp)

1
-y

21 (W)

Henceforth, all the derivations will be carried out to satisfy (40),

Let us first compute the element values of high Pass T-section.

In Figure T7a, the input impedance Zin(s) of the highpass T is given

by
LC2S3+ 2LCS +CS + 1 N
Z.n(s) = 3 = T
e e .
2
= R(5%) +0 (s) (41)

where R(s ) and 0(s) are the even and odd part of Z (s) respectively.

In particular, the even part R(s ) is given as follows

2 A(s) A(-s)
R{(s") = ) D* (42a)
23
where A(s) may be chosen as A =z -LC s (42h)

Employing the formulas given in [ 37], the transfer scattering coefficient

S is obtained as
21 o
S % C(43)

on the jw  axis,

where




- 2 46
P 2 - 4L."C'wW

. 21 (2CH - 2LCTW2)% + (1 = (2LC + CO)uo)2

and

-1 | 2cw- 2rc%w3

(hy)
1= (2LC+CoIW°

B _ s
@21(w) = 5 - tan

After.some manipulations, perfect tréhsmission condition (40b) yields

wi -l (45)
2LC - C

Let: us: introduce a phase shift dependent parameter n-

n=tan [L--0, )] o (46)

Then, the phase condition 40a yields

2CW - 2L(:2w3
(o} (o]

n-= > ’ | ‘ (47)
1 - (2LC+C )WO ‘ i j

Fixing the normalized frequency wO = 1, simultaneous solution of (48) and

(47) yield the desired values for C and L:

" C=n+ n2 + 1 . | (48)
1T+ 02

Similarly, for a high pass ff -section (Figure 7 b);

2
2 T+ L
Lz=n+yn + 1, C=-————-2L (50)
For é low pass T-Section (Figure 7c);
L. 1 ’ c . 2L (51)




For a low pass Tr-section (Figure 2 7d);

Com b, L= —E (52)

n +vn+ T 1 +C2

It siould be noted that phase shifts between o° and 180° are possible

with any of these low/high pass T or T Section L-C ladders (i.e. Oq£¢s<180°)ﬂ

HIGH/LOW PASS BASED T AND T SECTION DIGITAL PHASE SHIFTER CONFIGURATIONS

In Figure'Ba, a "high-pass-based" T-section digital phase shifter
configuration is proposed. The diodes D1, D2 are identicai andymy be
planar pin diodes in series configuraiton. The diode D3 may have identical
electric and physical characteristics as D1 and D2 and it could be a planar
or mesa pin diode in shunt configuration.

When diodes D1, D2 and D3 are reverse biased, they act as capacitors
(C ) with a small serles reverse resistance (Flgure 8b) In this state,
the desired phase ‘shift @ is achieved with no transm1ss1on loss at the

center frequency fo of the passband by choosing an appropriate value foruCD

When diodes D1, D2 and D3 are forward biased they act as closed
switches with a small series resistance Rf (Figure 8c¢), and in the

shunt branch, inductance LA resonates with the capacitor CA providing

a perfect transmission for the RF input signals, Thus, the high-pass-based,
T-section digital phase shifter is perfectly matched at the center
frequency f for both (BIT-IN and BIT-OUT) states. However, small losses

due to practlcal realization of the circuit elements are inevitable.

Design equations for the proposed phase shifter can be derived from

equations (46), (47), (48 and (49)

1+ V1 + MCDL 1
C = y Ly = ¢ (53)




The element values CD’ CA and L are all normalized with respect

to center frequency f and .R° whichls spe01f1ed as the normalization
50Q) e

" io

numpoer (generally R, i

A high pass based 1t-Sect10ntjlg1tal phase shifter circuit is suggested
in Figure«9-1~Here, the physical operation is similar to that of hlgh pass
T-Section. However, the element distribution of the 7(-Sectionphase shifter

{8, of course, different. The element values of this circuit are computed

employing (50) and (53).

A low-pass—based T-sectlon dlgltal phase shifter conflguratlon is
introduced in F1gure1Oa In this figure, when the identical diodes D are
‘forward biased, in the series arms, only 1nductors L given by (5%) will
be seen. In the shunt branch, capacitance CA together with inductance LA

act as an effective capacitor C which is also specified by (51). Thus, the
operation of low-pass T 1sreallzed(F1gure10b) When the diodes are reverse

biased (Figure 10c) diode capacitors CD are chosen to resonate with series

~inductance L. That is,

1
CD = - (54)

The shunt branch inductance LA also resonates with the equivalent
capacitor

c . c
L. S R

T CA + CD o]

Thus; the input signal is transmitted to the output without interruption.

"In this case, CA and L. are given as follows

A
C +VC2+ UCCD

Cp = = (55)
A~ C, -C ‘

Finally, a low-pass~based 1 -sectiondigital phase shifter is shown in
Figure11y. The physical operation of this phase shifter is similar to

that of the low pass T-seetion. However, the effective values of C and




L in this case are given by (51) and (52) and CD)'CA and LA are also
specified by'(SH), (55), and (56) respectively.

Each phase shifter configuration presented in this section have
different element value distribution. Therefore, they find proper
application for designing phasors at various frequency bands. They
are also suitable for monolithic implementation"'éince thé body of the
phase shifters are constructed using essentially all solid-state diodes.
Furthermore, since the new configurations consist of lumped elements and
are perfectl& matched, they offer relatiVely better phase shifting charac-
teristics (lower insertion loss, better phase tracking capability) over

\

the conventional phase shifter circuits.

EXAMPLES

In this séction, we will exhibit the application of the explicit:
formulas to design various phase shifters. Throughout the examples,
simple diode circuit models as shown in Figure 1 are used with the element
values supported by the measurements on the RCA-made silicon PIN diodes

[8], [93. Our measurements under different bias conditions are summarized

in Table I.

DESIGN OF 45° -BIT PHASORS AT 44 GHz

A) Intr1n51cally mlsmatched parallel loaded llne phase shifter (Figure 5b)

Given :|A®| = 45°, fO::MH GHz, &D" 0. 173 pF (chosen from Table : I),

= 500 , (500 system is assumed).
Unknowns : Go, QT

Computation steps:

1. Yi‘:woRéﬁDz 2.418

1/2 tan (% %f ), choose "+" sign B =.0.209

n
w
1

w
k=3
1

1+ BYL 1.5, B=238 £ 0.621, C= MBYL + 1 2 3.




f . .
4, A = 82 - U4AC 2 -17.6< 0. Since Ab should be positive, we return to

b
step 2 and try A® = -45°. Thus, B = 0.027, A = 0.499, B = -0.621,

C = —1.003 and Ab = 2.38967 > 0
s ac T el
BT o8 - < 'h AT TY. vy T
B L
-1 2 -1, 2 Ne)
6. 6,,= tan f'Y;) = 65.15, Qg = tan (1ﬂ;) - 42.65
(k=0 is chosen)
7.6 <6 <0 6 = 53°
* ToA o oB o~ :
8. Qrztan-l (- —%—) + 180 or op 155.2 (k = 1 chosen)

B

The perforﬁance of the above menticned circuit was analyzed using our inhouse
program ANA over the frequency band 43 GHz<A¥< 45 GHz. In the computations
the diode losses were included as Rf = Rr = 0.50 and transmission line ‘
losses = 0.215 dB/cm was chosen. The line lengths Qo and GT were adjusted
to minimize the insertion loss over.the passband. It was found that choice of
o, = 45°, o

and it is summarized as follows:

= 152O yields improved performance over the previous design

Insertion loss: IL (dB);
w 0.71'< IL(dB) < .= 0.66: Diodes reverse. biased.
- 1.34 < IL(dB) < - 0.81 diodes forward biased

Phase shift;|ap|

e} e}

36.1 < [a8] < 58.7 or, |ag|= 47°t 11.3° with |a0| = 45° at £ = 4b GHz
It should be noted that despite the final adjustements on the element

values, intrinsically mismatched loaded line phase shifter configuration

results in a poor phase tracking performance over the passband which may

not be acceptable for some applications.




B) Perfectly-matched parallel loaded line phase shifter (Figure 5¢)

Given : A® = 45°, £, = 44 GHz, €)= 0.173 pF, R_ = 50
Unknowns : ﬁA’ éA’ CH
Computation steps:
1. C =2 tan (3%) = 0.828
-1 2 0
2. QO = tan (-—C—) = 67.5
3. Cp=WCR =2.418 ,
c+ ¥ ¢+ necy
CA = 3 = 1.89
IO A = 0.943
A cC, -C '
A
Ly ' | €
5. L, = ——R, = 0.168 nH, C, = — = 0.135 pF
o oo
Note "that, the inductance value [, = 0.168 nH may not be realized as

A
a lump circuit element. However, it may be replaced by an open or RF short

shunt stub transmission line.

Assuming Rr = Rf = 0.5 and also including a series resistance

R = 0. 5§1astheﬂoss of C the phase shifting performance of this

c A
phase shifter was analyzed over the frequency band 43 GHz € f < 45 GHz.

Phase tracking capability of this circuit is summarized as follows:
Insertion loss IL (dB)

-0.808 € IL(dB) < -0.757; Diodes are forward biased,

-0.385 § IL(dB) < =0.378; Diodes are reverse biased, and the phase
change [A®]| is,

S




43<|ag| < 46.5 with [bp| = 45° at £, = 44 GHz

It is seen that perfectly matched parallel loaded line phase shifter
provides a better phase shifting performance over the intrinsically
mismatched loaded line. On the other hand intrinsically mismatched loaded
line phase shifter offers more equalized insertion loss at differént Switching
states. However, loss perfohmance of the perfectly matched loaded line may
be balanced and improved by choosing a proper value for the diode capacitance

CD and shunting it by an inductance.

C) Perfectly-matched low-pass-based T-section phase shifter :

Referring to Figure 8a let us calculate the element values of this

phase shifter:

. ) -
Given : [a@| = 45°, f = 44 GHz, R, = 500

~

D’ 7A A

™
O

Unknowns : G

Computation steps. :

tan (90° - 45°) - 1

1.n =
1 . .1
2. L 2 ——— T 0,411, CD = —L-—=2.41
n+ Vr$+ 1
3. ¢ = —2L = = 0.707,
1 + L
; [2 '
C + Jc° + ke
- . N1.70
h.oc, = > 1,707
‘ e
5. L, = = 1
A C, - C
c c
6. € = ——D— = 0.173 pF, & = - g = 0.122 pF




o
u
=~

R = 0.0T4nH
o .
o

D) Perfectly matched lowpass-based H-Sectionphase shifter:
Given : |a@| = 45°, £ = 44 GHz, R = 50M

Unknowns : @D L., ¢C

Computation steps :

1. n = tan (90°-45°) = 1
1
2. C = = 0.414
n+ Vnz + 1
3. L= —2C _ -0.707, C. = —— = 1.41
> D- T
14+ C
ce JCPu keey
L, CA = > = 1
5. L. = e = 1.707
A° T -¢C
A
p p
6. 8 = w— = 0.101 pF, &z —p— = 0.0175 pF,
0O 0 O 0
Ly . L
L, = i R =0.305 nH, L= oul R = 0.126 nH

It is interesting to observe that the element value distribution
of the WA-sectiondifferent from that of T-section. Similar results
would be obtained by designing highpass based T/Jsection phosors.
Different combinations of elements for various sections may be utilized
successfully for designing multi-bit phase shifters at different

*

frequencies.

We also designed 450 - bit highpass-based T/W section phasory at

the same center frequency and analyzed the phase shifting performance




of all the T/ sections over 43 GHz € &f < 45 GHz. It was observed that

they all yield similar phase shift porformances. Let us summarize the

performance of the lowpass~-based T-section including the diode losses

(RP = Rr = 0.5Q) and the loss associated with capacitor CA (RC = 0.5Q ).

Passband : 43 GHz € Af < 45 GHz

Insertion loss (IL(dB))
-0.22 ¢ IL (dB) ¢ -0.211; Diodes are forward biased,

~0.14 gIL (dB) § =0.138; Diodes are reverse biased, and the phase shift

AD is given as follows :
43¢ A < U7 with A@ = 450 - at f_ = 44 GHz
As it is seen throughout the examples, high/low pass~based T/J{section

phase shifters yield superior phase tracking capability over the loaded

line phase shifters. Furthermore, they are suitable for monolithic

implementation.
‘1 CONCLUSION

In this paper first diode switching circuits, conventional loaded line

and and reflection phase shifters have been reviewed from the circuit
theory point of view rather than microwave engineering approach.

Then, four novel digital phase shifter configurations are presented.

In the new circuits, use of ideal microwave switches (S PDT, DPDT, etc.)
transmission lines and 3 or 4-port couplers are not required. Thus
especially at the extra high frequencies significant losses due to

these elements are eliminated.

Similarities between the new topologies and highpass to lowpass
lumped element phase shifters (10), (11) may be found. However
in the new circuits numser of diodes and passive components are

reduced since the switching state from highpass to lowpass is
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eliminated. New phase shifters are also suitable fof monolitic
implementation since the body of the phase shifters are constructed
usirg essentially all solid-state diodes. Initial computations indicate
that new designs offer excellent phase tracking capability over the
conventional - approaches. Based upon the technology presented in (8),
(9), it is anticipated that new phase shifter configuraitons will

find appliéations for designing low loss monolitic PIN diode phase

shifters with potential use at millimeter waves.

i
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FIGURE CAPTIONS

Simple pin diode model.

Ad justments on the diode capacitance by means of a short
inductance.

: A single diode shunt switch circuit.

A}single diode series switch circuit.

. Classical loaded line phase shifters.

Intrinsically mismatched series loaded line phase shifter.
Intrinsically mismatched paralleI loaded line phase shifter.

Perfectly matched series loéded 1ine‘phase shifter.

‘Perfectly matched parallel loaded line phase -shifter.

Reflection from a lossless load.

Reflection phase shifter using branch line coupler with
parallel switching circuit.

Highpass T-Section

Highpass IL-Section

Lowpass T-Section

Lowpass I-Section

Highpass based T-Section Digital Phase Shifter.
Diodes are reverse biased.

Diodes are forward biased.

Highpass Based T-Section Digital Phase Shifter.

10a: Lowpass Based T-Section Digital Phase Shifter.

10b:

10c:

"

Diodes are reverse biased.

Diodes are forward biased.

. Lowpass based T-SectionDigital Phase Shifter.
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TABLE 1

- PIN DIODE MEASUREMENTS

FORWARD BIAS

I(ma) o Ra( )
20 68 1.16
50 6 . 0.778

100 81 0.578
198 85 0.435
251 86 0.401

REVERSE BIAS

VR(V)
0
2
4
10
20
4o
80

150

' C(pf)

0.609
0.283
0.235
0.199
0.176
0;173
0.168

0.167

/
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