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1 Introducing the devices 

Isolators and circulators are key elements in modern u.h.f. and microwave 
engineering. Their fundamental property of non-reciprocity is capable of sim-
plifying the construction and improving the stability and efficiency of radar 
and communication systems. Similarly, equipments used in the development 
and testing of such systems can usually be improved in accuracy and con-
venience of operation by including isolators or circulators in their input or 
output circuits. 

The principal application which the isolator finds is the isolation of a source 
from its load. In the case of an amplifier which might be affected or even 
damaged by power reflected back from the load, the inclusion of an isolator 
between output and load is a worthwhile improvement and safeguard. 

Circulators are used in two basic ways. Three-port circulators, the usual form, 
are frequently employed as high-power isolators, reflected power being absorbed 
in a load connected to its third port. Additionally, they may be used to enable 
two or more transmitters to share the same aerial, or to allow the use of a single 
aerial for simultaneous transmission and reception. Frequency multiplexing is 
easily and effectively accomplished with suitable networks of circulators and 
filters. Single terminal (reflection) amplifiers, such as the parametric amplifier, 
depend for their successful operation on circulators. By replacing the fixed load 
of an isolator-connected circulator by a variable load or variable length short 
circuit, adjustable attenuators or phase shifting elements capable of handling 
high powers are readily realizable. 

Isolators and circulators are both electronic components which do not show 
reciprocity; that is, they are examples of the gyrator. Their properties depend 
on the direction of flow of electromagnetic energy through them. Both devices 
are passive circuit elements, the directional properties being due to the inter-
action between the energy flowing and the electrons in magnetically biased soft 
ferrimagnetic material, usually a ferrite. 
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Figure 1 shows a typical isolator with its symbol. An ideal device would pass 
all the energy supplied to port 1, but absorb all the energy supplied to port 2. 
This principle is illustrated rather dramatically in Fig. 2. 

The circulator, Fig. 3, would, under ideal conditions and with properly 
matched (reflection-free) terminations on all ports, permit coupling only be-
tween adjacent ports in one direction. Thus, energy entering port 1 would leave 
only by port 2; energy entering port 2 would leave only by port 3 and so on. 
Again, this principle could have its parallel in road traffic engineering, see 
Fig. 4. 

t 2 
]Z~0026 

Fig. 1 Common design of a waveguide isolator together with the symbol usually employed 
to represent the isolator function. 
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Fig. 2 It would seem that the isolator principle is capable of solving traffic congestion problems! 

~noov 
3 

Fig. 3 Co-axial type of circulator, together with the usual symbol for a circulator. 
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Fig. 4 Anyone who has lost his way on modern motorways can believe that traffic engineers 
have discovered the circulator principle! 

To gain an insight into the operating principle of non-reciprocal components 
such as isolators, and circulators, it is first necessary to discuss the behaviour 
of the ferrite, the principal element in a combination of static and alternating 
fields. Ferrites are magnetic materials with excellent insulation properties. Be-
cause of their low conductivity they can be used in h.f, applications, eddy cur-
rent losses being negligible. 

Like ferromagnetic materials, ferrites consist of magnetic domains (Fig. 5), 
called Weiss domains after their discoverer. They may be anywhere between 1 
and 100 ~.m across. The individual domains are separated from each other by 
Bloch walls. Their inherent magnetization results from mutual exchange effects 
between electron spins. With no external magnetic field applied, the individual 
domains are randomly oriented, so that the net resultant magnetization is zero. 

When a sufficiently strong magnetic field is applied, the magnetic moments 
of the individual domains are oriented with the direction of the field, and wall 
displacements take place. When this happens, the domains aligned with the 
external field expand at the expense of others which have a different orientation. 
This process is not a simple switching process because the magnetization origi-
nates from the electron spins within the domains. Thus each domain can be 
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Weiss domains Bloch wall 

Fig. 5 Terminology used in explaining the properties of a ferrite material. 

regarded as a spinning top with a precessing axis. During the precession one 
such top is turned through 90°, performing a damped precessional motion. 

In a ferrite material the precessional motion is around the direction of the 
external magnetic field. Once the precession has stopped, the directions of the 
external field and the rotated magnetic moments of the Weiss domains are 
the same. If, as shown in Fig. 6, an alternating field of suitable frequency is 
applied perpendicular to the static field, the precession around the H;-field 
continues. The magnetic moment M precesses around the direction H;. 

Whether external magnetic fields are applied in the y- or z-direction, one 
component of the magnetic moment will be operative in the x-direction (Mx
in Fig. 6). Now the relationship between induction and magnetic field, B = ,uH 
can no longer be depicted as a ,u-scale, but rather by a linear system of vectors 
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Fig. 6 Terms and coordinate system used in the description of precession. 

that can be written as a tensor, known as the Polder tensor [1]. The relation-
ship between B and H is thus 

Bx = ,uHx — jxH,, 
B,, = j xHx -I- ,uH,, 
B~ _ ~oH~ 

or expressed in the form of a tensor 

BX = ,u jx 0 Hx
B,, _ ~o jx ~ 0 H,, 
BZ = 0 0 ,uo HZ

The value of the induction component perpendicular to the magnetic a.c. field 
is determined by the value of x. The quantities ,u ,u' — j,u" and x = x' — jx" 
are complex and depend on the static magnetic field, the frequency, and the 
material properties of the ferrite. 

If the magnetic plane of an electromagnetic wave is parallel to H~, the relative 
permeability is (,ueff I I — ~0)~ since the ferrite is always saturated. The prop-
agation speed is y = jco [/euo, hence the ferrite has no gyromagnetic effect 
on the wave. 

Where th
(

e magnetic plane of the electromagnetic wave is perpendicular to H;, 

(Here the propagation constant is y = jw vaµerf1.) Fig. 7 shows how the real 
and imaginary parts of ,uerf i and of ,were i i vary as functions of H,. 
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Fig. 7 Variation of losses in microwave ferrite. 

In the vicinity of the resonant value F/~e5 the losses (represented by the 
imaginary part ,u effl)  rise steeply and the. value range of ,u'eff1 is expanded. 
This is not unexpected because the precessional motions are generated by the 
components perpendicular to the d.c. field. 

With non-reciprocal components, the behaviour of the ferrite under the 
influence of the circularly polarized magnetic fields is of prime importance. 
A linearly polarized a.c. magnetic field can be regarded as consisting of two 
circular fields rotating in opposite directions. Thus two different permeability 
values may be obtained; for the field polarized clockwise (+) and for the field 
polarized anti-clockwise (—) (seen in the direction of the field), whence 
,u+ _ ,u — x and ,u_ _ ,u -~- x. The corresponding propagation speeds are 

Y+ _ .l w yEf~+ and Y- _ .)w vEA~-

1 Curves calculated for a planar wave propagated perpendicular to the d.c. fleid. 
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Fig. 8 Variation of Fc"+ with field, showing the resonant behaviour. 

Fig. 8 illustrates the real and the imaginary parts of the functions ,u+ and 
µ_ of the magnetic field: ,u+ shows a distinct resonance behaviour, and a 
form resembling that of the curves ,ueEEl in Fig. 7. At resonance, losses are 
high, as is the value of the imaginary part µ"+. 

This behaviour can be interpreted as follows. At resonance the positively 
polarized wave causes the magnetic moments to precess around the d.c. field 
direction. The negatively polarized wave (—) counteracts precession, and so 
there can be no resonance. 

s Curves calculated for a planar wave propagated parallel to the d.c. field. 
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2 Construction and operation 

Non-reciprocal devices may be made by taking advantage of the resonance 
effects in ferrite. Directional behaviour is obtained by biasing a ferrite material 
with a steady magnetic field, when gyromagnetic effects occur during the inter-
action of electromagnetic energy with the ferrite, non-reciprocal properties being 
exhibited. 

2.1 Waveguide isolators 

Fig. 9 shows the construction of awaveguide-mounting isolator. Essentially, 
the device consists of a waveguide section with flanges; a thin ferrite bar is 
bonded along one of the narrow sides, slightly off-centre, the inwards facing 
surface of the ferrite being coated with a layer of some resistive material. An 
externally generated d.c. magnetic field, normal to the broad sides of the wave-
guide, biases the ferrite. Some means of adjustment, in this case tuning screws, 
is provided. 

With such an arrangement, the electric field due to energy travelling in a 
direction determined by the sense of the biasing field, will be concentrated by 
the ferrite onto- the resistive layer, and strong absorption will take place. 

adjusting 
screws 

ferrite bar 

resistive 
layer 

permanent 
magnets 

~noo~e 

Fig. 9 Cut-away drawing of a waveguide isolator showing the principal constructional features. 
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Between the wall and the centre of a square waveguide containing an Hoi-
wave (magnetic fundamental wave), there are areas in which a magnetic a.c. 
field of rotating polarization occurs. Fig. l0a shows the field line pattern of 
the Hoi-wave; Fig. lOb shows the magnetic field lines and the planes in which 
the rotating field is operative. The narrow side of the waveguide is perpendicular 
to the plane of drawing. If the wave travels from left to right, there will be a 
field rotating anti-clockwise above the centre of the waveguide, and a field 
rotating clockwise below the centre. If a strip of ferrite is introduced into this 
area, say at A, and if, furthermore, a sufficiently strong d.c. field is applied 
perpendicularly to the drawing plane in Fig. 10, the precessional motion will 
take place only if the h.f. wave travels from left to right through the waveguide. 
When this happens the energy of the wave is dissipated in the ferrite. 

If the wave travels in the opposite direction, there will be no absorption in the 
ferrite rod or slab, because then the magnetic field rotates in the reverse direc-
tion and no resonance will take place (see Fig. 8). 

This is the operating principle of "resonance" isolators which are widely used 
for narrow band applications. They have very high, isolation and fairly low 
insertion loss. 

For wideband applications isolators are not usually driven at resonance, but 
far beyond. Then, the quantity ,u"+ determining the losses (Fig. 8) is still small, 
but ,u'+ is about unity, so that when energy is travelling from left to right in 
the figure, a concentration of field occurs in the ferrite, which is also due to 
the dielectric loading of the waveguide. This concentrated field (the electrical 
component) is absorbed by a resistive layer located on the ferrite strip, and thus 
the electromagnetic energy is dissipated as heat (see Fig. 4). 

If the electromagnetic energy travels through the waveguide in the opposite 
direction (i.e. right to left in Fig. l0a), ,uefF will be negative, and the electric 
field will be excluded from the ferrite, producing a node in the field pattern. 
No energy will be dissipated in the resistive layer and there will be little loss. 



circulating currents 

longitudinal transverse 
lguidewall current sl 
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flux lines 
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planes with rotating 
magnetic field 

d.c. 
magnetic 
field 

Fig. 10 Fields and currents associated with an Hol-wave (a) and the planes in which the 
field rotates (b). 
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2.2 Circulators 

The basic structure of a waveguide circulator is shown in Fig. 11. A block of 
ferrite is mounted at the centre of a waveguide junction and biased with a 
steady magnetic field normal to the plane of the junction. The waveguide and 
the ferrite block are shaped to match the impedance of the connecting wave-
guide. 

Circulators using tri-plate construction are also fairly simple, as illustrated 
by Fig. 12 with a 3-port Y junction. Between the three conductor strips are 
two discs of ferrite biased by permanent magnets located above and below the 
junction. The striplines are equipped with matching elements —transmission 
line transformers or tuning screws and trimmers —and terminate in h.f. con-
nectors. 

The size of a circulator increases as its design operating frequency decreases, 
and at lower frequencies becomes impracticably large. Because of this, lumped 
circuit designs are used to produce compact designs. An example of this techni-
que is shown in Fig. 13, where the conventional waveguide junction is replaced 
by three symmetrically coupled transmission line sections. Matching devices are 
not shown in this illustration. 

Fig. i l Skeleton drawing of a waveguide circulator. 
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Fig. 12 Outline of a tri-plate circulator, ferrite discs (not shown) are located between the 
conductors. 

~///l/////////////////~//. 
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Fig. 13 To overcome the size problem associated with lower frequencies, lumped circuit 
elements may be used in circulator construction. In this example, symmetrically coupled 

transmission line sections are used. 
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The construction of a stripline circulator with ferrite discs and a guide branch 
was shown in Fig. 4. The field pattern of the fundamental electromagnetic 
oscillation for the disc-stripline structure is shown in Fig. 14. Let us first omit 
the d.c. field from consideration. The magnetic field vectors run parallel to the 
guide junction. The electric field is perpendicular to the ferrite discs and points 
alternately up and down in the various disc halves. At the centre there is a node 
line where the electric field disappears. If there is no magnetic field, equal 
amounts of energy reach the two remaining ports. 

The h.f. field parallel to the guide junction can be regarded as resulting from 
the superposition of two polarized waves rotating in opposite directions. 

If a d.c. magnetic field perpendicular to the junction is now applied, the two 
constituent waves have different permeability values: ,u'+ and ,u'_. This means 
that the two constituent waves rotate at different speeds. Consequently, depend-
ing on the d.c. field, the complete field pattern is shifted until, finally, the node 
points precisely towards one of the other ports. In Fig. 14 this is port 3. The 
total amount of input power at port 1 is then guided to port 2. Port 3 is de-
coupled, and the arrangement functions as a circulator. 

The circulator has two operating points. It can be operated with d.c. fields 
either stronger or weaker than the resonance field. Both conditions are shown 
in Fig. 8 (values Ho and H„). 

In comparison with circulators operating below resonance, those operating 
above resonance require a stronger magnetic field. Consequently they are 
heavier and have a narrower bandwidth. They are only limited in power handl-
ing capability by internal arcing and heating, and have low losses. The power 
handling of circulators operating below resonance is limited by non-linear 
effects, and they have greater insertion losses which can in part be traced back 
to the incomplete saturation of individual parts of the ferrite. 

This description of how the circulator operates can also be found in Fay and 
Comstock [2]. It is a particularly clear illustration. According to Bosma [3] 
the fields in the ferrite discs resulting from the interaction between h.f. fields 
and d.c. fields can be mathematically expressed in a progression. The calcula-
tion is very complex, and has, therefore, been omitted. 
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Fig. 14 Operating field pattern for the stripline circulator of Fig. 4. 
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Examples of coaxial circu]ators. 
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3 Characteristics 

This section summarizes the more important characteristics of isolators and 
circulators, preparatory to discussing the practical applications of the devices 
themselves. 

3.1 Isolators 

The essential parameters of isolators are insertion loss and isolation. 
Insertion loss (Fig. 15) is the proportion of power lost between the ports of the 
device when energy is travelling in the forward direction: 

input power 
insertion loss = 101og  (dB). 

output power 

1 insertion loss 

I 

2 
I Z 

isolator 

1 2 
I lossless conductor I 

I 

Z 
 ~~

I ~nooaz 

Fig. 15 With the lossless conductor, power levels at points 1 and 2 will be the same. When 
an isolator is inserted, these power levels differ by the insertion loss. 

Thus it can be regarded as the attenuation resulting from the inclusion of the 
device in a transmission system. Insertion loss must be measured with the input 
and output of the isolator well matched. 
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Isolation (Fig. 16a) is the proportion of power lost between the ports of the 
device when energy is driven through it in the reverse direction: 

input power 
isolation = 101og  (dB). 

output power 

insertion lass 2 

sO~QtlOn ~Z]C033 

Fig. 16a Isolation may be regarded as the insertion loss of an isolator connected in reverse. 
Compare this drawing with Fig. 15. 

As with insertion loss, isolation must be measured with matched terminations. 
By way of an example, Fig. 16b gives the results of measurements of the 

frequency dependence of both insertion loss and isolation. The notation used 
here for insertion loss and isolation follows international practice. The sym-
bol a is used to denote "attenuation"; numerical subscripts denote the sense. 
Thus al _ 2 is the attenuation suffered by energy passing through the device 
from port 1 to port 2. The order of the numbers in the subscript, in giving 
direction also defines the quantity : thus al _ z is insertion loss, whereas a2 _ 1
would be isolation. 
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Fig. 16b Measured insertion loss and isolation for a production type waveguide isolator. 
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Fig. 17 At (a) the various insertion losses and isolations associated with a circulator are 
given using the "a" notation, and at (b) the power levels encountered are related to the cir-

culator attenuations. 
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3.2 Circulators 

In the case of a circulator, the insertion loss and isolation of each individual 
branch must be considered. These characteristics must also be measured with 
the device ports provided with matched terminations. The various attenuations 
are shown in Fig. 17, where the a-notation is extended to a three-port device. 

A circulator cannot be considered in isolation! Reflection of energy from the 
other circuit elements to which it is connected will have a profound effect on the 
isolation realized in practice. Thus, assuming that ports 2 and 3 are not term-
inated, and a signal is injected by way of port 1, as in Fig. 18, then, neglecting 
insertion loss, a signal level of r,zrZ ZP will be reflected back to port 1 after the 
signal has traversed the circulator three times. (This situation is analysed in 
detail in the Appendix.) 

z~z~ 

Z*ZL 

Fig. 18 When a circulator is not correctly terminated, power will be reflected and circulated 
several times. 
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4 Applications 

Application of isolators and circulators will be considered for convenience under 
four main headings: decoupling and reflection suppression, signal separation, 
signal combining, and, finally, phase-shifting and modulation. 

4.1 Decoupling and reflection suppression 

When, at high frequencies, one device or module is used to supply power to a 
second, such as might be the case with two amplifiers in cascade, power reflec-
tion is an ever-present problem. Such reflection can be caused by mismatch or 
imperfect tuning, and can give rise to power changes, amplitude variations and 
non-linearities, and hence to a deterioration of signal quality. Constant loading 
of the signal source may be achieved by including an isolator in its output 
connection as in Fig.19; reflections from the load will then be absorbed by the 
isolator to an extent which depends upon its isolation. 

generator 

7270037 

load 

reflection free 
termination 

IZ=SORI 

Fig. 19 The basic function of an isolator: decoupling a signal source from its load. Where 
high powers are involved, the use of a circulator permits the energy to be dissipated in an 

external termination. 
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Isolators for use at high power levels usually consist of a terminated circula-
tor, the absorbed power being dissipated externally to the circulator, in the load 
forming the termination. At lower frequencies, less than about 2 GHz, where 
waveguides are not normally used, all isolators are in fact circulators with a 
matched termination on the third port. Waveguide isolators of the type des-
cribed in this book are for use at higher frequencies and for handling power 
levels up to about 10 W, or for absorbing total reflected powers of about 3 W. 
Now some specific examples will be examined. 

Where the input of a power amplifier is closely coupled to the output of a pre-
amplifier, and either can react to changes in the other, sufficient isolation must 
be introduced between them to ensure proper decoupling. Here, isolation is the 
more important requirement. 

pre-amplifier 
r _ _ _ _ _ _ ~ 

output stage 

t_ _ _ _ _ 
?Z?0038 

Fig. 20 Interstage decoupling using an isolator: either stage may be tuned without the other 
being affected. 

Fig. 20 shows an example of interstage decoupling. With the isolator in cir-
cuit, each stage may be tuned without the other being affected. Similar applica-
tions are illustrated in Figs 21 and 22, both involving decoupling an output 
stage from the aerial it feeds. In Fig. 21, the isolator not only prevents feedback 
from the aerial to the output stage, but also serves to protect the output stage 
itself in the event of the aerial being damaged or frozen over. In the application 
of Fig. 22, besides offering the foregoing advantages, the isolator also suppresses 
the multiple reflections caused by mismatch between an aerial and a long feeder. 
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Fig. 21 Here an isolator is used to decouple a transmitter from its aerial. 

long transmission line 
to aerial 

]Z ]0039 

transmitter 

Fig. 22 An extension of Fig. 21; the isolator offers protection from the "long-line" effect. 

For this purpose, the isolator must be well matched to the feeder. The "long 
line" effect is particularly important in the case of aerial feeders in communi-
cations systems, since ringing due to the reflections would result in a poor 
signal-to-noise ratio. 

Similar advantages are to be obtained from the inclusion of isolators in test 
equipment, such as signal generators. Accuracy can often be improved in a 
measurement situation by decoupling the various equipments by means of iso-
lators. In order to obtain maximum benefit from this technique, isolators 
offering high isolation should be connected immediately adjacent to the equip-
ments concerned, see Fig. 23. 

The inclusion of an isolator in the output circuit of a signal source, Fig. 24, 
allows the source impedance to be well defined. 
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Fig. 23 An example of the use of an isolator (isolator-connected circulator) in a measure-
ment facility. An isolator should always be sited close to the equipment with which it is 

associated. 

ti   z, 
]Z]0043 

Fig. 24 Because the isolator is included, the generator always "sees" a constant load impe-
dance. (See also the frontispiece.) 
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Fig. 25 Asingle-terminal amplifier, such as a parametric amplifier, requires a circulator to 
separate the incoming and amplified signals (a). Including an isolator (b) between the cir-
culator and the receiver or following amplifier greatly improves the isolation between input 

and output and thus the maximum stable stage gain which can be employed. 
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4.2 Directional signal separation and switching 

In those types of amplifier where the input and output signals traverse the same 
path (such as the parametric amplifier, tunnel diode amplifier, Gunn or IMPATT 
diode amplifier) the input and output can be separated by means of a circulator. 
Such an arrangement is shown in Fig. 25a, where asingle-port amplifier is con-
nected between an aerial and a receiver, and a circulator used to direct the 
incoming and amplified signals correctly. Both isolation and insertion loss are 
important in this application, particularly where a weak signal is to be received. 
Insertion loss should be low so that most of the signal in the aerial reaches the 
amplifier, and isolation must be high if regeneration and instability in the 
amplifier are to be prevented. A further refinement of the circuit is shown in 
Fig. 25b where an isolator is included between the circulator and the receiver, 
improving matching and the isolation achieved with the circulator. A similar 
arrangement can be used to feed trigger pulses to an oscillator or magnetron. 

Similar considerations apply in the case of a transceiver operating on a single 
aerial, Fig. 26. Here, a circulator is used to separate the transmitted and received 
signals. This principle is employed in Doppler and pulsed radar sets, and in 
f.m. radio links. In a pulsed radar installation it is usual to incorporate further 
protection between circulator and receiver to protect the latter against the 
effects of limited isolation and power reflected back from the transmitter. 

transmitter 

receiver 

Fig. 26 Here a circulator permits a transmitter and receiver to share an aerial. 
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4.3 Signal combination: frequency-selective switches 

Circulators are used to combine signals of differing frequency for radiation by 
a common aerial. A common example is the t.v. transmitter, the arrangement 
of which is shown in Fig. 27. The sound signal travels through the isolator to 
the circulator, is reflected by the filter and returns to the circulator whence it is 
directed to the aerial. Between filter and aerial both sound and vision signals 
traverse the same path. Asleep-sided response characteristic is necessary in the 
filter since the sound carrier is only some 0,5 MHz from the edge of the video 
sideband. This method of signal combination introduces neither group delay 
nor non-linearity distortion. 

vision 
transmitter 

r~~ 

fi lter for f T

']Z]004] 

sound 
transmitter 

Fig. 27 Circulators are often employed to combine the sound and vision signals in a t.v. 
transmitter. 
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This technique may be extended to the combination of a large number of 
signals, as shown in Fig. 28. Here, each filter passes only the frequency band 
required by its associated transmitter, reflecting all others. The filter selectivities 
determine the minimum practicable separation between signals. 

In a cascade system, circulator insertion losses are of great importance. If the 
number of stages is large, and the insertion losses high, the output obtained to 
the aerial from the most remote transmitter will be excessively attenuated. 
Furthermore, since the last circulator in the chain passes all the power, it must 
be chosen to have a sufficient signal-handling capability. (Further discussion of 
power and t.v. signal combining will be found in Section 9.) 

G 

fi lter 

,ti G2 

fi lter 

ti G3 
7Z7004B 

Fig. 28 Extension of the principle illustrated in Fig. 27. Here, several signals are combined 
together in one transmission path. The system may, of course, be extended indefinitely but a 
practical limit will be set by the insertion losses suffered by the signals which have to traverse 

many circulators. 
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The arrangement used for signal combining can be operated in reverse, as a 
receiver, enabling a mixture of input signals to be filtered and each directed to 
its appropriate amplifying or detector stages. Such a system is given in Fig. 29. 
The input is fed through a circulator to a bandpass filter, the accepted signal 
passes to the amplifier and the reflected signals return to the circulator whence 
they are directed to an identical second stage. 

The combining circuit of Fig. 28 and the separation circuit of Fig. 29 can be 
used together in amulti-channel tranceiver. The basic arrangement of such a 
system is given in Fig. 30. It should be noted that the order of remoteness of 
receiving channels is opposite to that of transmitting channels, so that each 
signal transverses the same number of circulators and suffers the same attenua-
tion. 

input 

Fig. 29 Circuit arrangement complementing that of Fig. 28, allowing combinations of signals 
of differing frequency to be resolved. 
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Fig. 30 The principles of signal combination and separation can be used together to design 
a frequency-multiplexed, multi-channel transceiver system. By reversing the order of com-
bination and separation of signals, signal attenuation due to insertion losses can be made 

the same for all signals. 

4.4 Circulators as modulators and variable attenuators 

Just as a circulator with a matched load on its "free" port forms an isolator, 
so it is possible to obtain other circuit functions with other devices added. For 
example, a variable phase shifter can be constructed by adding a variable short 
circuit, as shown in Fig. 31, Such an arrangement can replace a telescopic or 
plunger type phase shifter, the reflection from the variable short circuit altering 
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I 
Fig. 31 Mechanically simpler than a telescopic phase shifter, this combination of a circulator 

and variable short circuit fulfils the same function. 

the phase between the input and output signals of the circulator. In Fig. 32 the 
phase shifter is shown used to swing the beam of a dipole aerial array without 
the aerial itself being moved. 

Both isolation and insertion loss are important parameters of circulators used 
in variable phase shifters. Insertion loss determines the attenuation of the cir-
cuit, while isolation sets the level of signals of the original phase reaching the 
aerial. 

The variable phase shifter can be converted into a phase modulator by replac-
ing the mechanically variable short circuit by an electronically variable one. 
One possible arrangement for such a device is shown in Fig. 33, where a varactor 
diode is used as a variable reactance. The diode is fed from a modulator, and 
the consequent variations in the phase of reflections cause phase modulation 
of the transmitter output. The circulator used must have a high reverse attenua-
tion so that the transmitter output stage will not be affected by the modulator. 
If the aerial is not properly matched an isolator should be inserted, either be-
tween the circulator and the aerial, or, preferably, between the transmitter and 
the circulator where it will improve decoupling. 
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Fig. 32 Here the variable phase shifter is used to swing the beam of an aerial array. 

Fig. 33 The use of a varactor diode as a variable reactance enables the phase shifter to be 
used as a phase modulator. 
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Figure 34 shows a circulator used as part of a power control circuit. The 
arrangement comprises a fixed matched load and a variable short circuit; moving 
the short causes the amount of power dissipated in load to vary. Amplitude 
modulation can be achieved at low power levels by replacing the load and short 
circuit by a rirr diode. 

(A) 

(b) 

Fig. 34 In (a) a variable load connected to a circulator is used to alter or control the trans-
mitted power level. In (b) the amount of power dissipated in the load is set by means of the 

associated variable short circuit. 
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The basic circuit of a pulse code modulator is shown in Fig. 35. Here, two 
circulators are used, terminated by modulator diodes and a A/4 and ~./8 wave-
guide section. Circulators employed for pulse code modulation must have a 
particularly high isolation to prevent interaction between the various units in 
the system. 

microwave 
carrier 

logic and 

tdriver} 
I I 

PCM-pulse 

output 
modulated 

signal 

?Z?0055 

Fig. 35 Circulators used to form a pulse code modulator. Particularly high isolation is 
required in this application. 
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5 Multiport circulators 

Circulators with more than three ports can, in principle, be formed by the inter-
connection of several 3-port circulators. Under ideal conditions -infinite iso-
lation and negligible insertion loss -the port-to-port attenuations will be equal. 
In practice however these conditions are never met with, and in the configura-
tions shown in Fig. 36 the insertion loss between ports 4 and 1 (a4_,) or 2 and 
3 (a2 _ 3) will be twice that between 1 and 2 (a1 _ 2) or 3 and 4 (a3 _ 4), whereas 
the isolation between 1 and 4 (a, _ 4) or 3 and 2 (a3 _ Z) will be twice that be-
tween 2 and 1(aZ _,) or 4 and 3 (a4 _ ~). It is thus possible to increase isolation 
at the expense of insertion loss, if this is considered acceptable. 

True 4-port circulators have lower insertion losses but smaller bandwidths 
than those formed with 3-port circulators. The best known from of 4-port cir-
culator for high powers is the phase shifter circulator used in pulse radar equipe-
ment. As shown in Fig. 37, this consists of two non-reciprocal phase shifters 
and waveguide couplers ("magic T" and 3 dB hybrid). The coupling direction 
within the circulator can be reversed by switching the phase shifters. 
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Fig. 36 Two interconnected three-port circulators simulating afour-port circulator. 

phnse shifter 

T-junction 

3 dB -coupler 

phase shifter 

rz]oon 

Fig. 37 A form of four-port circulator frequently encountered in pulse radar practice. 
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6 Switchable circulators and their applications 

The coupling direction of a circulator is determined by the polarity of the 
magnetic field used to bias the ferrite. Reversing the direction of this field 
reverses the coupling direction of the circulator. Various means are employed 
to reverse the direction of the biasing field. Electromagnets may be used whose 
current is switched; alternatively, the polarity of permanent bias magnets could 
be reversed by means of a current pulse in a magnetizing winding. 

The arrangement shown in Fig. 38 is typical of applications for reversible 
circulators. The several differently oriented aerials are fed sequentially by 
switching the coupling direction of the circulator. Figure 39 shows a reversible 
circulator used to select a small sector of the normal arc of scan of a radar 
aerial. This is useful in military applications where the scanning of only a small 
sector reduces the detectability of the installation. 

The circuit of Fig. 40 is a development of Fig. 23. The isolators have 
been replaced by Switchable circulators thus allowing the corresponding sources 
to be isolated. Output power from the isolated sources is dissipated in ter-
minating resistors. 

Complex microwave switching networks can be readily assembled from the 
simple, inexpensive Switchable circulators now manufactured by the planar 

receiver 

7Z]0058 

trQn5R11ttEr 

Fig. 38 Feeding two aerials of different orientation with a Switchable circulator. 
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Fig. 39 Using a switchable circulator to restrict the arc of scan of a pulsed radar. 

technique. Multiple branching and switching problems can easily be solved 
with these devices. When designing such networks, however, consideration must 
be given to whether or not, at low power levels, semiconductor or phase shift 
switches may not be more suitable. 

If instead of switching the magnetic field from one polarity to the other, 
some provision is made for varying it, it becomes possible to construct narrow-
band tunable circulators. The centre frequency of a tunable circulator of this 
type is capable of being varied over a wide range. 

ti G 

-ti G 

ti G )2'!0084 

to 
amplifier 

Fig. 40 switchable circulators connected as isolators used to switch equipments in and out of 
a network. 
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7 Assessing input reflection 

7.1 Defining reflection coefficient 

Besides isolation and insertion loss, device properties which were defined in 
Section 3, another important parameter of all microwave components is reflec-
tion coefficient. This is the ratio, measured at one terminal, of the amplitude 
of the energy coming out to that going in: 

amplitude of outgoing wave 
reflection coefficient, r   . 

amplitude of ingoing wave 

Reflection coefficient is related to v.s.w.r. (voltage standing wave ratio) by: 

I
rl_ s-1 

s -i- 1 

where s is the v.s.w.r. (see Fig. 41). 

V. S. W. R. 

1.6 2 2I6 3 3,5 4 4I6 5 

01 0.2 0,3 0,4 0,5 0,6 0,65 

REFLECTION COEFFICIENT 

Fig. 41 Scale for converting reflection coefficient to v.s.w.r. 

l Zfi4 B33 

The reflection coefficient at one port of a circulator must be measured with 
the other ports correctly terminated, otherwise the measured value will be in 
error. 
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7.2 Reflection in isolator-connected circulators 

Circulators provided with a load on the third port are used as isolators for 
decoupling purposes; see by way. of example, Figs 19 and 20. In such cases, a 
maximum v.s.w.r. will be specified for the source, which is defined by the nature 
of the source itself. The relationship between v.s.w.r. and reflection coefficient 
was given in the preceding section. 
The consequences of reflection will be discussed with reference to Fig. 42 

which shows an isolator-connected circulator used to couple a generator to its 
load. The reflection coefficients associated with this duty are r1 and r~, which 
for the sake of simplicity are assumed to be of the same order of magnitude. 
The coefficient r, is the complex input reflection coefficient of the circulator 
appearing at the output if the other ports are provided with matched ter-
minations. Also complex are the input and output voltages V, and VZ, whilst 
rL is the input reflection coefficient of the load (an additional amplifier stage, 
for example). 

generator 

r t of 
r~ 

V~ 

r,+r„ 

Vz 

3 -- r~ 

~Z10059 

load 

Fig. 42 Reflections associated with the use of an iso]ator-connected circulator. 

41 



The value of r, normally associated with a circulator is well less than unity 
so that the power lost by the reflected wave, r, Vl, at the input can generally 
be ignored. The amplitude, VZ, of the reflected waves at port 2 is 

and has almost its original value (~1 is the phase shift between Vl and V2). 
Here the insertion loss is neglected. The voltage (r, + rL)Vz is reflected by 
the load and reaches port 3, where it encounters a small reflection of coeffi-
cient r l . A voltage rl(r l -~- rL)VZ is reflected by the load and reaches port I, 
the input, and is added (depending on both the phase shift and the path taken) 
to the directly reflected voltage r, Vl, so that, in total, a voltage of 

ri Vl ~- r~(rL -I- ri) (1 — Ir, I2)V, ~ exPJ~ 

is fed from the input to the source. Thus the total effective reflection coefficient, 
r,o~, becomes 

r~o~ = rl {1 ~-- (ri + rL) (1— Ir1 I2) • exP.l~}. 

If it is assumed that the power loss at the input port can be neglected, and that 
the phase of the reflection from the load is at its most unfavourable, then the 
maximum r,o~ is found from 

roc = Iri I{ 1 -}- IrI  l + I rLl } (la) 

If the load v.s.w.r. is significantly larger than the circulator v.s.w.r., Eq. (la) 
may be simplified to 

Ir~ocl = Iri I(1 + I rLl )• (lb) 

Now Ircacl will be chosen to be the maximum tolerable in the system (the maxi-
mum permitted v.s.w.r. for a magnetron for example), and since IrL I set sthe 
maximum reflection encountered from the load, Ir, I can be calculated from 

12 

Irll = 
V/1 

2 
rLll 

+ Ir~ocl 1 2IrLl 

or, with Eq. (lb): 

I I — 

Irtotl 
r, 

1 -~ IrLI . 
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Complete specification of an isolator (isolator-connected circulator) requires 
that the necessary amount of isolation for a particular application be known. 
As with input reflection, isolation can be expressed in terms of the energy 
returned to the source. For a circulator with reflection-free terminations, the 
isolation between input and output may be expressed as 

1 
a1_ 3 = 201og ~ ~ (dB) 

r, 

so that input reflection can, to a certain extent, be taken as a measure of iso-
lation. 

Without going further into general network considerations, see Appendix, this 
can be explained as follows. Let a circulator be terminated at ports 2 and 3 by 
terminations of reflection coefficient r t and be driven in the reverse direction, as 
in Fig. 43. In these circumstances the amplitude of the wave at port 1 travelling 

Fig. 43 Derivation of the value of isolation. 
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towards the load can be regarded as a measure of the isolation. The amplitude 
of this wave is 

r3(1 — Ir3I2) • exP j~ Va

or since Ir1 l is much less than unity: 

Vl = rl V3 • exP.l~• 

Now the isolation is given by I V, I/I V3I, so from the expression given above 
for V3, the following useful expression can be derived: 

V 
a1_ 3 = 201og I 11 = 201og Ir1l 

VZ

45 
I I I 

40 
I I ~ 1 i 
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It is now possible to write down the requirements for an isolator-connected 
circulator used to connect a source to its load. 

The minimum permissible isolation is 

sm — 1 sLZ } sL
a 3- s min = 201og  + 

/ 

l

I
i (2) 

Sm + 1 lSL -~ 1)Z SL ~" 11 

or, if rl is negligible compared to rL: 

sm — 1 2sL
a7.-3 min — 2U Clog  log ~ (3) 

Sm -}- 1 1 ~-- SL

where sm is the maximum permissible v.s.w.r. 
A nomogram calculated from this relationship, which saves a considerable 

amount of labour, appears as Fig. 44. 
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Fig. 44 Nomogram showing the approximate relationship between load and input v.s.w.r., 
and circulator input v.s.w.r. and isolation. The expansion of the various scales accurately 
reflects the importance of the various quantities in terms of the final result obtained. 
The example shows that a circulator required to present an input v.s.w.r. of 1,10 when 
provided with a load of v.s.w.r. 1,5 should have a v.s.w.r. of 1,08. This result should be 
checked with the aid of Fig. 46 

Example 

Let s~, the load v.s.w.r., be 1,5, and let the maximum permissible v.s.w.r. to be presented to 
the source, sm, be 1,10. The minimum isolation of the circulator or isolator to be used can 
then be calculated from the equations given above. The approximate expression, Eq. (3) yields 
a value of 28,03 dB, whereas Eq. (2) gives 28,29 dB. This situation is that given on the 
nomogram above. 
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8 Circulators in circuit 

As already explained in Section 3.2, the performance of a circulator may be 
defined in terms of input reflection, isolation, and insertion loss. These quan-
tities and their temperature dependence are, in practice, heavily influenced by 
the circuit elements connected to the ports of the circulator. In the following 
Sections the influence of external circuitry on the performance of a 3-port cir-
culator will be examined in more detail. 

Those circulator characteristics which are susceptible to experimental deter-
mination will, of course, be of particular interest to the user. Among these 
characteristics are permissible ambient temperature, maximum continuous and 
peak loads, and corrosion resistance; these are discussed in the following sec-
tions and in published circulator data. 

8.1 Transformation matrix for a lossless, cyclic symmetrical, 3-port circulator 

The calculations given in this Section, included for the sake of completeness, 
might be omitted at the first reading. 

The relationships between the input properties of lossless, cyclic symmetrical, 
3-port circulators may be clarified by considering a linear 3-port circulator. In 
general a 3-port circulator has the scattering matrix S, such that 

bl `sil 'S12 .Slg al 

b2 = Szl "S22 S23 Q2 ~ (4) 
b3 'S21 "S32 S33 a3 (6) _ (S) (a) 

where a,, represents the input waves, and b~ the output waves. The only quali-
fication in the expression is linearity, that is, the matrix elements S„v must be 
independent of the quantities a l, a2i a3 and bl, b2, b3. The elements of the 
scattering matrix have a definite meaning, input reflection, isolation and so 
forth. These will be discussed in Section 8.2. 

The non-reciprocal nature of a multi-port circulator is reflected in the asym-
metry of its scattering matrix 

'Sll 'S12 S13 Sll 'S21 'S31 

"S21 'S22 's23 ~ 's12 'S22 `S32 (5) 

`S31 'S32 'S33 'S13 's23 's33 S#S~• 
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So that if S1z ~ Szl+ S13 ~ 531, S23 ~ 532, the device is non-reciprocal. A 
circulator may be defined as lossless if the sum of the input powers equals the 
sum of the output powers. Expressed in the form of a matrix, this means that 
the product of the scattering matrix, S, with the transposed, conjugate complex 
scattering matrix S'* equals the unity matrix E: 

Sll S12 S13 lSl,* S21* S31* 1 ~ 0 

's21 S22 S 2 3 ~ S12*  S22*  S32* _ ~ 1 0 (6) 
S31 s32 S33 \Slg *  .S2g*  S33*  ~ ~ 1 g.g.•=E. 

A multi-port circulator has cyclic symmetry when its parameters remain un-
changed if the inputs undergo cyclic switching. This can appear in the scattering 
matrix, in that each line must follow from the preceding one in a similar cyclic 
manner. In this case the components of each line shift one position to the right: 

'Sll 's12 's13 Sll 'S12 s13 'S22 `s23 's21 `S33 's31 s32 

's21 's22 'S23 — `S13 `SI1 'S12 = S21 S22 S23 = 'S32 'S33 S31 

/ 

l 7 ) 

'S31 `S32 `S33 'S12 'S13 'sll 's23 'S21 `S22 's31 's32 S33 

In the case of cyclic symmetry, that is if 

S11 = 'S22 = S33 = 'Sly 

'S12 = 'S23 = 's31 — `S2r 

S13 = 's21 = `s32 = S3r 

but S2 ~ S3 (which is the condition for non-reciprocity), then the device under 
consideration is non-reciprocal and cyclically symmetrical in addition to being 
a three-port. This can be expressed by a more simple scattering matrix: 

Sl S2 S3
S = S3 S1 S2 (8) 

S2 S3 Sl

According to Butterweck [4], the unity requirement results in the following 
expressions. From Eq. (6): 

1 = Sl*Sl _{_' S2*S2 '~' S3*S3 = 
ISll2 

-f- 
IS2I2 

T  
IS3I2 

(] = Sl *S2 ~ S3*Sl ~ S2* $3

= S1*S3 ~ Sg*S2 ~ S2*Sl . 

It follows from these relationships, that not all combinations of values for Sl, 
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SZ and S3 are possible. The permissible combination of Is2l and IS3I values is 
shown graphically in the ISZI, IS3 I plane of a curvilinear triangle (Fig. 45) 
bounded by elliptical sectors. 

ISZIZ 
+ IsZ IS3I + Is3I2 

— ISZI — IS3I = 0 

(Midpoint SZI = ~; IS3 I = ~; long axis —45°), 

Is2I2 —ISz IS3I + Is3I2 +ISZI —IS3I o 
(Midpoint SZI = —;; IS3 I = 3; long axis +45°), 

Is2I2—Is2 IS3I+Is3I2 —ISZI+IS3I=o 
(Midpoint SZI = ~; IS3 I = —~; long axis -X45°). 

The possible values for ISZI, IS3 I are located within the shaded area. (Large 
half axis y2/3, small half axis x/2/3.) Similar equations can also be set up 
for the ISZI, IS3I and the ISZI, ISZ I planes. 

If the sense of rotation of the circulator is taken as 1-2-3-1, and ISZ I N 1 
for the insertion loss, IS3 I < 1 for the isolation, it is found via row develop-
ment that the possible addition of the values of the matrix elements is located 
in the vicinity of the right-hand angle of the curvilinear triangle. 

1—IS3I2—Is313-2IS3I4. ..< 

1—IS1I2 —ISll 3 -2IS 1I4 . . .< 
-{--

'sZ ~ 1 — IS3I2 ~' 

S3 3 -2IS3I4. . ., 
SZ <1—ISi I2 + 

(9) 

(1 Oa) 

The relationships between ISZ I and ISZI, IS3 I are only needed for measuring 
the input reflection and the isolation. The corresponding expression for a graph 
in the IS, I, IS3I plane shows that the following conditions obtain in the vicinity 
of the origin: 

Is3l —IS3I2 + Is313 — 2Is314 .. . < sl < IS3I + Is3I2 + 
s3 3 + 2IS3I4 . . ., 

Isl l — Is1I2 + Isl l3 — 2Is1 ~4 . . < S3 < Isl l + IS1I2 + 
+ S, 3 + 2IS, I4 .. . . 

(1 Ob) 

Fig. 46 is a development of Fig. 45, allowing the actual values to be assigned to 
the attainable combinations of input v.s.w.r. and isolation. 

A further discussion of the properties of the lossy circulator will be found 
in the Appendix. 
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Fig. 46 One corner of the diagram of Fig. 45 expanded to give permissible combinations of 
input v.s.w.r. and isolation. 
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8.2 Practical results of the relationships between circulator characteristics 

The theoretical relationships between input reflection, insertion loss and isola-
tion, are discussed in some depth in the Appendix. In this section methods and 
results of measurement of these characteristics will be given by way of illus-
tration. 

Some of the measuring equipment used in the development and characteri-
zation of isolators and circulators is shown below. The principal measuring 
instrument is a (Hewlett-Packard) network analyser, which is supplemented by 
a Phase-Magnitude Display Module (type 8412). This instrument displays 
reflection coefficient on a logarithmic scale. 

Examples of measured performance are illustrated by means of oscillograms. 
The curves start at the lower frequency (470 MHz) of the selected test sample, 
on the left, and end at the right at the upper frequency (600 MHz), Figs 47 
to 57. 

In all the figures, the upper curve is the 0 dB line which serves as a reference. 
This is of particular importance when evaluating empirical instrument settings 
(0,25 dB/div), for at higher frequencies the 0 dB line sometimes cannot be made 
to coincide with a grid line. 

The bottom curve is the actual measured curve. Since with circulators the 
input reflection, isolation, and insertion loss are numerically less than one, and 
the logarithmic scale includes negative values, the measured curves are below 
the 0 dB line: as close to it as possible for the required low insertion loss, and 
as far below it as possible for the required high isolation. 

Fig. 47 Input reflection bb l /a l ~ measured 
at port 1 of a 50 S2 circulator with ports 
2 and 3 terminated by 50 S2 loads. 
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A test facility used for measuring circulator performance. 

SL 



Fig. 48 Input reflection bb l /a l b measured 
at port 1 of a 50 S2 circulator; here port 
2 is terminated by a 60 12 load and port 
3 by a 50 S2 load. Terminations are con-
necteddirectly on the ports. Compared with 
Fig. 47, reflection is only significantly 
affected in the upper part of the frequency 
range, at a reflection level of 30 to 40 dB. 

Fig. 49 Input reflection bb l /a1 ~ measured 
at port 1 of a 50 S2 circulator (10 dB/div.). 
Port 2 is terminated directly at the port by 
a 60 S2 load. There are no significant differ-
ences as compared with Fig. 47. 

Fig. 50. Input reflection bb l /a l ~ measured 
at port 1 of a 5012 circulator (10 dB/div.). 
Here, port 2 is terminated by a movable 
short-ci{cuit and port 3 by a 50 S2 load. 
Reflection is displayed at six short-circuit 
positions. As compared with Fig. 47, a 
maximum increase of reflection coefficient 
of 6 dB is observed, while at some positions 
of the short-circuit, reflection coefficient 
can decrease. 
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Fig. 51 Isolation ~b3/a l ~(a1_ 3) measured 
between ports 3 and 1 of a 50 S2 circulator 
(10 dB/div.). Port 2 is terminated by a 50 S2 
load. The isolation characteristic has a 
similar structure to the curve of Fig. 47, 
but there are distinct differences. 

Fig. 52 Isolation ~63/a t (measured between 
ports 3 and 1 of a 50 52 circulator (10 dB/ 
div.). Port 2 is terminated directly at the port 
with a 6052 load.As compared with Fig. 51, 
isolation has decreased considerably. 

Fig. 53 Isolation ~b3/a l ~ measured between 
ports 3 and 1 of a 50 52 circulator (10 dB/ 
div.). For these measurements, port 2 was 
ter urinated with a 60 52 resistor connected 
through 1,5 m of RG-98U co-axial cable. 
The characteristic seems to be composed of 
the curve of Fig. 51, but with a wave super-
imposed on it.The isolation is reduced in the 
centre portion of the curve. 
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Fig. 54 Insertion loss X62 /at ~ (at _ Z) mea-
sured between ports /and 2 of a 50 SZ cir-
culator, port 3 being terminated with a 50 S2 
load. Owing to the high sensitivity (0,25 dB/ 
div.) needed, equipment noise and non-
linearity effect are visible both in the dis-
played characteristic curve and in the refer-
ence line. After averaging to eliminate the 
noise "grass", the measured isolation is 
obtained from the line separation. 

Fig. 55 Insertion loss X62 /a t ~ measured 
between ports 1 and 2 of a 50 S2 circulator 
(0,25 dB div.). Here, port 3 is terminated 
with a 60 S2 load directly at the port and a 
further 60 S2 load connected by a I ,5 m length 
of co-axial cable type RG-98U. There are 
no differences between this curve and that 
of Fig.- 54. 

Fig. 56 Isolation ~b3/at ~ (a3 _ t) measured 
between ports 3 and / of a 50 S2 circulator 
(0,25 dB/div.). For these measurements, 
port 2 was terminated with a 4-position 
short-circuit. Power is transferred from port 
2 to port - 3. Owing to internal reflections 
and multiple path transmission, only the 
order of magnitude of the insertion loss can 
be determined from this type of measure-
ment which is thus not recommended as a 
measurement technique. 
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Fig. 57 Input reflection bb l /a l b measured 
at port I of a 50 S2 circulator. Port 1 was 
terminated with a short circuit, and port 3 
with a 5-position moveable short-circuit. 
Because internal reflections and multiple 
path transmissions occur, the triple inser-
tion loss can only be approximately deter-
mined by averaging the curve shapes; this 
is thus not a recommended procedure. 

R.3 General directions for circulator measurements 

When measuring the input reflection and insertion losses of a circulator, the 
general rules of microwave measurement must be observed. The following are 
some of the most important: 
— The generator must match the characteristic impedance of the connecting 

line (if required, an isolator must be inserted) to avoid the power changing 
due to the various terminations. 

— Directional couplers have a directional effect on the measured value. 
— Terminating resistors must not only be as reflection-free as possible, they 

must also have the same connectors as the circulator since adapters will give 
rise to additional reflections. 

— Detectors should be reflection-free and, if necessary, be made to match by 
means of matching attenuators (e.g. 10 dB) or isolators of sufficiently low 
reflection coefficient. 

— The sensitivity of the indicating instrument (tube voltmeter, oscilloscope) 
must be adapted to the detector sensitivity. With crystal detectors the d.c. 
voltage must be kept below 10 mV if the device is to work within its square-
law region. 
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9 Power limits 

The power limits of circulators and isolators are defined by three factors: 

— temperature, 
— internal arcing, 
— non-linear effects. 

Like all components, circulators are not entirely lossless, and so a certain 
amount of the h.f. energy is dissipated as heat. The temperature inside the 
circulator should not exceed a certain limit, as otherwise both the microwave 
ferrite and the magnet will show an unacceptable change in behaviour. If, for 
instance, the input power is 1 kW, and the insertion loss 0,3 dB (6%), the 
total amount of power dissipated as heat will be 60 W. This causes a rise in 
the component temperature which must be added to the ambient temperature 
to arrive at the actual working temperature, the limit of which depends on the 
design. 

When a circulator carrying r.f. power is not provided with properly matched 
terminations several difficulties may arise. For example, if one port of the 
circulator in the above illustration "sees" a termination which reflects all the 
energy incident upon it, then, since this power will traverse the circulator twice, 
the power dissipated in the ferrite will be doubled to 120 W. Given that the 
maximum working temperature of the circulator is 100 °C, and assuming that 
the 120 W dissipation causes a temperature increase of 60 °C, then the ambient 
temperature must be kept below 40 °C. Normally only the last figure, the 
ambient temperature, will be published in the manufacturer's data, ensuring 
that the circulator will remain within its temperature ratings under all condi-
tions. 

A second power limit is set by internal arcing. This may occur in regions of 
excessive field intensity, causing tracking across the ferrite and sparking be-
tween internal conductive parts of the circulator. With regard to the latter, it 
should be noted that wide-band circulators are fitted with thin ferrite discs, and 
the gap between the conductors placed either side of them is fairly small. 
Operation with high peak electric field intensities would require relatively large 
air gaps between these conductors. It will be apparent that the designer of a 
circulator is faced with conflicting requirements. During the development of a 
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circulator, where emphasis is to be laid on wide-band operation, secondary 
measures are taken to reduce the likelihood of arcing. These include the round-
ing off of sharp corners. 

The third effect which can dictate an upper power limit is the occurrence of 
electron spin waves in the ferrite of what are known as under-resonance cir-
culators (see Section 2.2). The correct operation of a circulator requires that the 
sum total of h.f. magnetic field components be small compared to the magnetic 
biasing field. At very high power levels this may not be the case, and highly 
undesirable effects might occur, such as anon-linear behaviour of the circulator 
and a strong increase of the losses due to the generation of coupled resonances, 
so-called spin waves. 

When developing ferrites for circulators, measures are taken to suppress these 
effects: by making ferrites with the finest possible crystal structure, and by 
introducing atoms with special characteristics into the crystal lattice. The dis-
continuous structures thus obtained largely suppress the occurrence of spin 
waves at h.f. power levels. Unfortunately, this latter method also disturbs the 
precessional motion of the electron spins, thereby introducing further insertion 
losses. 

9.1 Average and peak powers, different signals 

When a circulator is used to combine several signals (Figs 27 to 30), the average 
of the powers Pl, PZ of the individual signals 

and the peak power, e.g. the power at maximum float 

must both be taken into account. 
Fig. 27 shows vision and sound signal combination. As the sound power PS

passes twice through the circulator, the average power, for PS = 0,2 Psyn~ for 
instance, is 

P .0,77 Pyync ~- PS + PS = 1,17 Pyync, 

where Psy„~ is the power in the sync pulse. 
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Under worst-case conditions the peak power produced when all required 
voltages are summed amounts to 

PM = (~PSY~~ + 2 ~/PS)2 = PsY~~ (1 + 2 Vo,2)z = 3,6 PSY~~. 
Where the same signal circulates several times, the peak voltage produced in 
the circulator depends on the phase angle of the reflected signal. Again, the 
filter-to-circulator distance is of great importance. 

9.2 Average and peak powers at multiple circulation of one signal 

Unless otherwise stated, the maximum powers quoted in the technical data are 
the highest powers a circulator can stand if one port is mismatched (v.s.w.r., 
s = 2 for all phase angles) whilst the next port is terminated with s > 1,2 
(Fig. 58). With increased mismatch the average power flowing through the cir-
culator is expressed as: 

P(Irsl, Iral) = Pi ll -}- Ir2lz ~- Ir3ls IrZl2). 

s=2 

s~1,2 

Fig. 58 Permissible v.s.w.r. values for maximum power. 

(16) 
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Fig. 59 Symbols for multiple circulation. 

For determining the maximum power it is useful to start from the total voltage 
Vta, across the circulator (see Fig. 59). 

In summing the partial voltages, the circulator can be subjected to high local 
peak power values which may even give rise to breakdown (flashover). Using 
the complex reflection factors r2 = Ir2l •exp j~z and r3 = Ir3l • exp j~3i we 
arrive at 

Vtot = Vi + Vl r2 • expj~~z + Vl r3 ' exPj~23Ys • expj~~z• 

The phase angles ~'z and ~'3  result from the paths through the conductors. 
The power is expressed as: 

P .^.. Vtot Vtot *  = I Vl IZ {1 -{- IYZIz 
-}- 

IY3Iz IYZIz 
~- 

ZIYzI2/IY3I '

1 
COS (~3 + ~23) +

1
-{- 2IYZ I 'COS (~2 + ~ ' 2) ~' 2.Ir21 

IY3I 'COS (~2 f ~~2 '-{- ~3 '~ ~~3)J• 

The maximum is reached at cos ¢ = 1, so 

PM lIY2l~ IY3I) = Pl 1 1 T IY2I \ 1 T  (Y3I)I2. \l~) 

With Eq. (17) we can estimate the permissible operating input power 
PM (Irz l, Ira ) depending on the reflections Irz l, Ira ) and, with Eq. (18), the 
nominal value Pnom for (s2 = 2 and s3 = 1,2): 

1,86 Pnom PM (IYzI, IY3I) 1 + 
IY=I (1 

+ 
Ir3l~Z 

(18) 
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10 Circulator sizes 

The sizes of circulators are governed by two considerations: 
— the type of connector used and the operating frequency, 
— the maximum power the circulator can handle. 
To explain this, let us first consider a small power. Depending on the wave-
length, there are various constructions, such as waveguide, stripline and various 
sizes of connectors. The basic dimensions can differ from type to type, but in 
principle they must not be below a certain minimum, set by the resonant nature 
of the structure. 

An answer is thus given to the often heard question as to whether small cir-
culators can be built for small powers. Size reduction is possible only as far as 
the limits set by the principle of operation, unless an entirely different concept 
is employed, as in lumped-circuit element circulators, where the resonant con-
dition is maintained by external capacitors. 

At higher powers the dimensions must of necessity be larger to ensure ade-
quate cooling. The size increase is governed by the convection cooling obtained 
on the outside of the device, or by thermal contact between the mounting 
brackets and cooling fins (heatsinks), should these prove necessary. 

Coaxial circulator. 
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11 Magnetic temperature compensation 

To illustrate the temperature problems encountered in the development of cir-
culators, some of the special measures taken to compensate for temperature 
changes in the magnetic circuit of a circulator will be discussed below. 

Where only a small operating temperature range is necessary it is possible 
to use either temperature-compensated microwave ferrites which have a rela-
tively constant maximum magnetic saturation, or microwave ferrites with a 
linear relationship between temperature and magnetic saturation. By selecting 
a permanent magnetic material with a suitable temperature coefficient and a 
suitable shape it is possible to keep the magnetic flux in the microwave ferrite 
practically constant over a wide temperature range. 

These methods fail for circulators which must operate in a considerably wider 
temperature range. Here additional measures must be taken. By inserting a 
specially selected compensating material with highly temperature-dependent 
magnetic saturation in the circulator magnetic circuit, it is possible to expand 
the temperature range considerably. This method is particularly suitable for 
low-power circulators in which the h.f. energy dissipation in the microwave 
ferrite is small. 

Fig. 60 shows the construction of atemperature-compensated stripline cir-
culator. Two sections (in this example rings) of the soft-magnetic compensating 
ferrite are positioned between the microwave ferrite and the permanent magnet. 

To keep the compensating ferrite saturated (for only then can the accurately 
defined temperature-dependent magnetic saturation be used for compensation) 
it usually has a small cross-sectional area perpendicular to the direction of flow. 
Soft-magnetic pole pieces are necessary if sufficiently uniform induction over 
the entire area of the microwave ferrite, the compensating ferrite and the per-
manent magnet, is to be obtained. 

The magnetic circuit, consisting of permanent magnet and compensating 
ferrite, must be so dimensioned that the induction required for stabilizing the 
internal field, HF, can be produced in the microwave ferrite. To arrive at these 
dimensions it is necessary to calculate the magnetic fluxes and potentials in the 
circuit, and to determine the dimensions corresponding to the material pro-
perties. 

During operation, the inherent losses in the microwave ferrite give rise to 
heat flow from it towards the outer housing by way of the magnets and 
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compensating material. Mechanical means such as air cooling, or loading the 
permanent magnets with a medium of good thermal conductivity, are used to 
improve heat removal. 

compensating ferrite 

outer conductor 

inner conductor 

microwave ferrite 
dIScS 

pole pieces 

]Z]0069 

permanent magnets with yoke 

Fig. 60 The constructional features of atemperature-compensated stripline circulator. 
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Nomogram showing the maximum and minimum (depending on phase) resultant v.s.w.r. 
values from two mismatched, cascaded components. 
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Appendix 

Derivation of approximate expressions for the performance of the lossy circulator 

The practical circulator is non-reciprocal, but not lossless. It involves as little 
loss as possible, and is not exactly cyclic-symmetrical (but nearly so). The de-
termination of scattering matrices for a practical circulator would require the 
use of a perfectly accurate measuring facility, and no such facility can exist. 
However, although a rigorous analysis of lossy circulator performance may not 
be feasible, some assumptions as to its performance must be made for design 
purposes and subsequent evaluation, using available measuring equipments and 
procedures. 

In the following paragraphs an approximate analysis is carried out, making 
the assumptions that the circulator is non-reciprocal, exactly symmetrical, and 
has low insertion loss and high isolation. This analysis again results in the sim-
plified matrix for the lossless circulator (Eq. 8): 

bi Sl, S2, Ss ai
b2
b3 

= Say Sig Sz 
S Z, S3i S1

az 
a3

(19) 

The relationship between the quantities of the matrix elements concerns only 

the circulator itself, the effects from external circuitry being ignored. If these 
effects are taken into account, then the practical situation can be described. 

Behaviour of a real circulator with mismatched loads 

In Section 8.1 the incident wave a~ and the associated reflected wave b~ are 
defined in terms of the matrix relationship 

(b) _ (S) (a). 

In practice there is only one independent wave incident on port 1, denoted by 
al (Fig. 61), although it can of course consist of a mixture of several frequencies 
and amplitude levels. Waves incident on ports 2 and 3 are only those arising 
from reflections from the. loads with which the ports are terminated. As reflec-
tions however, these signals are related to the signals emerging from the same 
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Fig. 61 Incident and emergent wave nomenclature for a circulator. 

ports, designated bz and b3. Thus, the waves incident upon ports 2 and 3, az
and a3, can be written 

a2 = SL bZ

a3 = SH b3~ 

where SL is the reflection coefficient of the load connected to port 2, and SH
the reflection coefficient of the load connected to port 3. Substituting these 
equations in Eq. (19) yields 

bi ~Si~ Ss~ Sz ai 
b 2 = S2~ Sly S3 SLb2 

b3 \•S3i  S2, Si SHb3

which expands to give 

bi = Siai I S3SLb2 -{- SZSHb3
( b2 (1 — Si SL) = SZai  ~-- S3SHb3

b3 (1 — SiSH) = S3a1 -~- SZSLb2. 
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Solving for bl, bz and b3 with respect to a, yields 

b l Sl (1 — SISy — SI SL — SZS3SLSy + S 12Sy SL) + SZSLSg (1 — Sl SH) 

II
a l  1 — SISy — Sl SL — S2 S3 SHSL T S1 2SHSL 

SZSyS3 (1 — S1SL) '+ S23SySL + S33SLSy (20)

1 — S1Sy — S,SL — SzS3SySL -{- S12SHSL 

bZ SZ (1 — S1Sy) I "S32"SH 

al 1 — S 1Sy — S1SL — ,SZ S3 SLSy ~- S1zSHSL 

b3 Sg (1 — 'Sl'SL) + S22SL 

al  1 — S1Sy — S, SL — 's2'S3'SH'SL - I S12SHSL 

It should be noted that no restriction is imposed on the values of either SL
or Sy which may be anywhere between —1 and -f-1. This implies that anegative-
resistance amplifier could be connected to port 2 or to ports 2 and 3 of the 
circulator. 

It should also be noted that, if, by way of a check, in the above equations 
SL and Sy are made equal to zero, then the reflection coefficients become 
blla, = Sl, bzlal = Sz and b3lai = S3, as indeed they should! 

(22) 

Input reflection with low reflection terminations on ports 2 and 3 

Here it is assumed that ISz I ti 1, and ISI I, IS3 I, ISyI, and ISLI < 1; that is 
to say: Sl, S3, Sy and SL are all small and of similar magnitude and it may 
happen that SL and Sy approach zero. If Eq. (20) is reconsidered in the light 
of the above assumptions it can be seen that the numerator is small and of the 
same order as S,. When estimating its value it is thus sufficient to take into 
account values which are small and of the third order. For the denominator, 
however, it is sufficient to take into account value deviations which are small 
but of the second order: 
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ISLI (1 +ISLI  +ISHI) + 
ISHI I 

SLI. 

b, S1 — S 1zSH — S12SL + SZSLSg + SzSHS3 + S23SH$L 
N 

C71 1 — S1SH — S1SL

'"' Sl + SzSLS3 + SZSHS3 + S2 3$HSL. 

An upper limit can then be found by calculating the 
component terms 

bl

al
.^~. Is l l + Is2l (IsLs3l + ISHs3l + IsZzsHsLl). 

(23) 

solutions of each of the 

(24) 

This relationship applies to symmetrical, lossy circulators. If it can be assumed 
that circulator losses are zero, then the approximation of Eq. (10) can be used 
to determine the matrix elements, and, after elimination of SZ and S3 (where 

ISzI ti 1 and IS3I IS,I ) we arrive at the following expression: 

ISLI (1—ISLI—ISHI)—ISHI ISLI 

bl

Q l

, Isil(1 +ISLI+ISHI)+ISHI ISLI 
(25a) 

provided that 

S1 (1— ISLI — ISHI) — ISH~ ISLI >0, 

if this is not so then the expression becomes 

0 
bl

al

In this case the absolute value of the externally measured input reflection will 
lie between the left- and right-hand inequality limits. The numerical conditions 
for this situation are given in Fig. 62, where it has been assumed that ISLI =ISHI , 
which can be the case in practice, for example when similar measuring resistors 
of the same type are being used. The results show that reflection by the meas-
uring resistors will only have a small effect on the measured value of the input 
reflection. This means that the input reflection of a circulator can be measured 
with sufficient accuracy for practical purposes without need of using precision 
load resistors. As expected, the input reflection differs but little from the ideal, 
even when ports 2 and 3 are not well matched. 

(25b) 
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Fig. 62 Limits of Eq. (256), when ~SL ~ _ ~SH ~. 

Input reflection with total reflection at port 2 

Total reflection at port 2 means that I SCI = 1. Taking IS, I, IS3 I and IS„I « 1, 
and ISZ I N 1, then from the general relationship of Eq. (20) the following ex-
press'on can be derived: 

bl 
1 I ( I — ^' S1 (1 -{- Sz`S3 I 's23'SH) I 'S2'S3 \1 T 'SH) + S2 3SH• (26) 

al

This relationship holds for symmetrical, lossy circulators. If, however, the losses 
can be taken to be zero, then the approximations given in Eq. (10) for the values 
of the matrix elements can be used to give: 

0 ~ 
bl 
~ISII(2 ~- ZISN~ ~ ISII) ~ IS„I 

Q 1

or, approximately, (27) 

0< 
b, 

al
~2IS,I +ISHI. 
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Fig. 63 Graphical solution for Eq. (27). 

Practical values have been derived and are given in Fig. 63. It can be seen from 
this figure, that, even when S„ = 0, the user must expect the circulator input 
reflection seen by the source to be doubled when the load reflects all the power 
delivered to it. This is of course a reflection coefficient increase of 6 dB. Thus if 
in some application the maximum permitted input reflection were to be 10%, 
and allowance had to be made for total reflection from the load, then, the 
required isolation can be obtained from the return loss nomogram. From Fig. 
41 the required v.s.w.r. is 1,21, this corresponds to a return loss of 20 dB, the 
actual isolation required from the circulator will thus be (20 ~- 6) = 26 dB. 

Input reflection with total reflection at port 3 

Since Eq. (20), is symmetrical with respect to SL and 5,,, the condition of total 
reflection from port 3 results in a similar expression to that for total reflection 
from port 2: 

0< 
b, 

a, 2~Sil ~- ~SLI (28) 
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If there is no load on port 3, or if that load is such that it reflects all the energy 
supplied to it, the observed input reflection will be double that seen under 
matched conditions, even with aloes-reflection termination on port 2. The 
values given in Fig. 63 also apply to this situation. 

Isolation of a circulator with mismatched loads 

General case 

The isolation measured between ports 1 and 3 of a circulator with normal 
external components is nominally: 

b3 S3 (1 — `Si'st) + 'S22"SL 

a 1—SS SS SSS S 
(29) 

1 1 H — 1 L — 2 3 H L~ 'S12SH`SL 

As in the discussion of input reflection, a case of special interest will now be 
discussed. 

Isolation with low reflection terminations on ports 2 and 3 

Given that IS,I, IS3I, ISHI and ISL I «1 and ISzI -. 1, it follows that: 

b, 
— ,. S3 -~ SzzSL ~-- SzzSl (SH - I-  SL). (30) 
al

This relationships holds good for symmetrical lossy circulators. 
If the circulator may be assumed to be lossless, it is possible to use the 

approximations of Eq. (10) for the values of the matrix elements to obtain: 

IS3I — IS LI 

and 

SL — IS3I 

b3

al

b3

al

,IS3I+ISLI 

IS3I "~ I SLI 
Actual values are given in Fig. 64. 

where SL G S3

where I SL )IS3I . 

(31) 
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Fig. 64 Values of insertion loss derived from Eq. (31). 

Since the values obtained by measurement are strongly influenced by the level 
of reflection at port 2, it is absolutely necessary to employ precision load resistors 
when measuring isolation. If precision load resistors are not available, then it 
should be assumed thug ISI I = IS3I because the effect of reflections from SL is 
small in comparison. 
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Relationship between input reflection and isolation with low-reflection termina-
tions at ports 2 and 3 

The question of the deviations between input reflection and insertion loss is of 
general interest. On the basis of the limiting ellipse considerations concerning 
only circulators, it follows that IS, I ~ IS3I. The user will be interested to 
know how far this still applies when using practical resistors. By means of Eq. 
20 and Eq. 22 available for numerator and denominator it is found that 

bl/al Sl (1 — ,Si SH — SI SL — S ZS3SH'SL -}- 'S12SHSL) 

b3/a l  S3 (1 — SISL) T `S2 2SL

I
SZ'SLS3 (1 — 'sl'SH) I '.S2SHS3 ll —'sl'SL) T S 2 3SH'SL ~ S3 3'SLSH 

31 
S3 ( 1 — S1SL) ~ S Z~SL 

Assuming that 

ISLI, IS3I, ISHI, I SLI « 1; ISZI ~:  1 

it follows from Eqs (31) and (10) that the ratio between input reflection and 
isolation equals 

1 —IS3I —ISLI —IS3I (ISLI +ISHI —IS3I) ISHI \ 
1 -~- S I L_I I/~I 

S3I 
/ I I 

bl/al \ 1 -~- IS3I I ISLI ~- IS3I ll'SLI T ISHI T IS3I ~ 
ISgI (32) 

63/al  1 —ISLI/IS3I 

Fig. 65 shows this approximation for ratios where ISLI =ISH I. With ideal 
terminations SL = 0 and SH = 0, the range of the ratios of Ibl/all/Iba/ail 
possible is limited by the following relationship which itself can be derived 
from the limiting ellipse 

1 —IS3I + 
Is3iz 

~ bl/al  ~ 1 +IS3I + Is312. (33) 
b3/al 

At about IS3I = vIsL,HI the set of curves of Ibl /a,l/Ib3/aa l > 1 have minima 
of magnitude 

bl/al 

b3/al 

~1+2IS3I+5IS3I2. 
min 
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Fig. 65 Calculated approximate ratios between input reflection and isolation, from Eq. (32). 
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At about IS3I = j/IsL,yl the set of curves of Ib,/all/Ib3/all ~ 1 have their 
maxima of magnitude 

bl/al  . 1 —2IS3I ~-- IS3I2. 
b3/ar max 

The graph in Fig. 65 shows that even with ideal terminations, discrepancies of 
several dB can occur between the measured results of input reflection and 
isolation. With a circulator having a measured isolation of, say, 20 dB (i.e. 

IS3 I = 0,1) and terminated with resistors that reflect no more than 1 %, the 
measured logarithmic input reflection can still vary about ~ 2 dB. 

As explained already, the main uncertainty factor lies in the isolation meas-
urement. To arrive at a satisfactory agreement, the measurement must be made 
with high-quality precision resistors. Even under ideal conditions the dis-
crepancies described by the limiting ellipse are still likely to occur. 

Insertion loss 

C~.eneral case 

The general expresssion for the insertion loss between any two ports of a cir-
culator is: 

b2 SZ (1 — S1Sy) -{- S32Sy 
(34) 

a l 1 — Sr.$'y — S1SL — SZS3SLSy -{- Sr2SySL 

Insertion loss with low reflection terminations on ports 2 and 3 

Here it is assumed that IS, I, IS3 I, I SLI and ISyI « 1, and that ISZI ti 1. It 
then follows that 

b2

al

provided that the right-hand term is less than unity. Here, the relationship 

ISZ I N 1 — ISllz derived from Eq. (10) must not be used to determine ISZI, 
but ISZ I must be regarded as the actual insertion loss, consisting of the inherent 
loss of the circulator plus the various reflection losses. When the insertion 

(35) ISzI (1— ISZI I SLI) IS=I (1 -}- 
I S rI I S LI )• 
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losses are low, the upper limit of the right-hand term of Eq. (33) may be greater 
than nuity, which is too high; for Eq. (33) to hold, bz/a t must be less than unity. 

With normally occurring values it is possible to detemine the insertion losses 
with greater accuracy by shifting the phase of the load reflection, that is making 
SCI = ~ I SLI and by averaging. It is thus possible, means of a well-com-

pensated phase shifter, to establish that: 

Ib2/allmax ~ Ibz/allmin 
Sz 

= 2 

when IS,I, IS3 I and ISH I <G 1, and SL = 1. 
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