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I. INTRODUCTION 

Rotating joints or wrap-around cables which are often necessary for 

the transfer of RF energy across rotating structures, are inherently 

subject to noise, wear, and fatigue. Conventional rotary joints consist 

of some form of rotating coaxial transmission line or slip-ring con­

figuration. Contact wear or material fatigue caused by device usage 

introduces noise and discontinuities into an RF system. In the case of 

wrap-around cables, continuous rotation is not possible and cable 

flexure eventually leads to material failure. The aforementioned 

problems can be reduced if the mechanical connection between the stator 

and rotor parts of the joint is ej iminated. 

A wide-band transformer has been investigated by Ruthroff [IJ and 

more recently by Pitzal is, Horn, and Baranel 10 [2, 3J this transformer 

consists of a two-wire transmission I ine wound upon a ferrite core. The 

device works well at low frequencies due to the high permeabi I ity avai 1-

able with ferrite materials. At higher frequencies the permeabi I ity of 

the core decreases, and conventional transformer action becomes less 

effective. Nevertheless, the two windings are coupled as a transmission 

line, and the device sti I I behaves as a transformer. Chapter I of this 

dissertation introduces the design procedure for the static trans­

mission line transformer. 
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An extension of the static transformer is then considered for 

application as a rotary joint. This device has transformer coupling 

between a rotating secondary (rotor).winding and a stationary primary 

(stator) winding. The two windings are arranged so that they form a 

two-wire transmission I ine circuit for high frequency coupl ing. A 

ferrite core provides low frequency coup I ing. 

It is the purpose of this dissertation to detail the theory and con­

struction of this type of rotating joint. Balanced and unbalanced 

transmission line analysis wi II be appl ied for several possible connec­

tions. For either case a theoretical consideration is faci litated by 

computer-aided numerical analysis. The results are then compared to 

the performance of an experimental device. 



II. STATIC BROADBAND TRANSFORMER DESIGN TECHNIQUES 

Wideband transformers that uti lize two-wire or coaxial transmission 

lines wound on a toroidal core have been known for many years, but it 

is only in the last decade that they have seen extensive application in 

radio transmitters and instrumentation. These transformers can have 

bandwidths on the order of 1000: I, and are useful in the RF range. 

However, the design criteria and detai Is of construction are generally 

omitted in current literature, so that the designer who encounters 

such a transformer for the first time finds it difficult to get started. 

The fol lowing discussion wi II be a helpful introduction to the ideas 

app lied to the rota ry trans forme r. 

Ruthroff [IJ and others [2, 3J have investigated a transformer 

consisting of a bifi lar winding wound upon a ferrite toroidal 

core as shown in Figure 2.I.a. For such a device, low-frequency 

response is dependent upon the magnetizing reactance of the primary 

winding. At higher frequencies, the permeabi lity of the ferrite core 

decreases and conventional transformer action becomes less effective. 

However, the two windIngs are coupled as a transmission I ine and the 

device sti I I behaves I ike a transformer until the line length is about 

0.5 wavelength [IJ, with response down 3 dB at 0.3 wavelength. 

Figure 2.I.a shows the winding configuration for such a transformer 

connected to give a 4: I impedance transformation. The equivalent 

3 
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Fig u re 2. I • a Sketch of 4: I transformer 

Figure 2.I.b High frequency model 

o 2 

Fig u re 2. I • c Low frequency model 

Figure 2.1 4: I Wideband Transformer 
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high-frequency and low-frequency models are shown in Figure 2. I.b and 

2.I.c, respectively_ Other winding conf.igurations have been discussed 

in the literature [2,7, 12J, but the 4:1 ratio is the one most 

frequently used. Also, by the addition of a few extra turns on winding 

1-2, the impedance ratio can be increased up to 6: I without serious 

loss of bandwidth. 

2. I Frequency Response 

The avai lab Ie power to the transformer in Figure 2.1 is 

(2. I) 

in which P = avai lable source power av 

V = s source voltage 

R = s source res istance. 

For the high-frequency circuit of Figure 2.I.b the insertion power loss 

(neglecting transmission-line loss) has been dete rm i ned [IJ to be 

2 + [Rs RL + z
212 

. 2 S [2 R (I + cos ~R,) + RL cos SR,J o. sin R, p s Z J (2.2) av 0 , 
p-- 2 

0 4RLRS (I + cos BR,) 

in which P = output power 
0 

B = transmission-line phase constant 

R, = transm iss ion line length 

RL = load res i stance 

Z = 
0 

line characteri sti c impedance. 
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For the low-frequency circuit of Figure 2.1 .c., a straightforward 

analysis (neglecting core loss) yields 

p /P = (R2 + 4 X2) / 4 X2 (2.3) 
av 0 s m m 

in which X is the primary magnetizing reactance. Maximum power transfer 
m 

for these networks is obtained if 

R = 4 R L s 

and 

Z = 2 R o s 

The core magnetizing inductance [6J is given by 

A 
2 

1T N
2 

(cm ) 
-8 L 0.4 e X = 

110 L (cm) 10 henrys m p e 

in which N number of primary turns p 

A = effect i ve cross-sectional area of the core e 

L = average magnetic path length in the e 

110 relative permeabi I ity of the core 

L = magnetizing inductance (X /w) m m 

w = frequency (radians/sec) 

A composite parameter A~, defined by 

An = 4 1T 11 (A /L ) 
~ 0 e e 

and cal led the inductance index, 

core 

(2.4) 

(2.5) 

(2.6) 

(2.7) 
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is 1 isted by some core manufacturers [8J to simplify (2.6) such that 

2 -9 L = N A • 10 hen rys 
m p 1 

The lower cutoff frequency, f l , can be determined by setting (2.3) 

equal to 2.0 (3 dB point), giving 

R • J 0
9 

s f, = 2 Hz. 
4 1f N A P R, 

(2.8) 

(2.9) 

This relationship determines the number of turns needed for a specified 

low-frequency response. The upper 3 dB cutoff frequency for an optimal Iy-

matched transformer can simi Jarly be obtained from (2.2) and occurs when 

the I ine length, 1, is 0.3 wavelength. 

2.2 Transmission Line Considerations 

The choice of the transmission-line characteristic impedance must 

satisfy the constraints given by (2.4) and(2.5). Several useful types 

of transmission lines have been reported, including twisted-pair, 

coaxial, and stripl ine [4J. Twisted-pair lines are advisable where 

minimal winding space is available. Use of a tight twist (conveniently 

obtained by means of a twist dri II or lathe) is advisable to obtain 

uniform characteristic impedance along the line. When a loosely-

twisted line is wound on a core, the wires tend to have uneven spacing, 

thus introducing impedance variations that degrade high-frequency 

pe rformance. 

Figure 2.2 depicts the effect of twist count (twists per cm) on 

the characteristic impedance for several twisted-pair lines. The phase 
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velocity on these I ines is also indicated. Note that the tighter twists 

tend to reduce the val ue of Z. Further detai Is concerning the con­
o 

struction of these and other I ines having lower characteristic impedance 

have been discussed by Pi tza lis [2J, Hejha II [9J, and Mue II e r [II J. 

Pitzalis and Couse [4J have shown that minor deviations of Z from o 

the value given by (2.5) can be tolerated. 

2.3 Obtaining the Desired Bandwidth 

As noted previously, the desired insertion-loss bandwidth depends 

upon core specifications, number of winding turns, and transmission line 

length. Pi tza lis [2J recommended that the line length be I ess than 

0.125 wavelength at the highest operating frequency in order to minimize 

the effect of mismatch on the insertion loss. The maximum useful length 

of a line can be estimated from phase velocity data. The desire to 

have a short transmission I ine, along with other mechanical considera-

tions such as avai lable winding area, generally restricts the number 

of turns on the core. 

The previous considerations dictate that the factor At in (2.9) 

be large in order to obtain a desired lower cutoff frequency with 

minimal turns. The value of At is for the most part dependent upon 

core permeability; thus high-mu cores are useful. Care should be 

exercised in the choice of a core, however, since the permeabil ity of 

the higher-mu cores (~ > 1000 or so) tends to be temperature 
a 

dependent [8J and they exhibit higher loss at high frequencies. 
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III. THE ROTARY TRANSFORMER 

The ideas pertaining to the static wideband transformer con­

struction can be extended to a rotary joint. This device is made 

possible if a transmission I ine is made in such a fashion that one 

half of it is al lowed to rotate with respect to its other half. 

3.1 Rotary Transformer Construction 

In order to construct a multiturn configuration of the rotary 

transformer, the stator and rotor windings are made of separate para I lei 

turns. That is, each turn of the stator winding consists of a circular, 

planar turn of wire. Inside each stator turn is a corresponding con­

centric rotor turn which can rotate with respect to the stator. The 

rotor and stator wires must be mounted in some low loss dielectric 

medium such as nylon or plastic. The dielectric is necessary in order 

to maintain a fixed mechanical spacing between the windings. Finally, 

ferrite is then used to enclose the stator and rotor in order to form 

tight magnetic coupling at lower frequencies. For an illustration 

and photograph of the multiturn winding construction, see Figures 3.1 

and 3.2. Figure 3.3 depicts the electrical connection formed during 

rotation in an N-turn transformer. 

A two-wire transmission 1 ine is formed by each turn of the rotor 

and stator windings. The balanced-mode characteristic impedance, 

dependent upon wire diameter and separation, is approximated [18J by 

10 
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Figure 3.2 Photogra ph of Prototype 
rotating transformer 
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where E = relative dielectric permittivity 
r 

D = center-to-center wire separation 

d wire diameter 

Z = balanced-mode characteri ic impedance o 

(3. I ) 

The analysis of the rotary joint is essentially the same as that for 

a wideband transformer except during rotation. vJhen the transformer 

is rotated, two transmission-I ine sections of variable lengths ~ and 
a 

~b are formed by each turn (see Figure 3.4.a), because the terminals 

4-7 of the rotor turn are not coincident with terminals 1-6 of the stator 

turn. The total I ine length, ~T' for an N-turn transformer is 

(3.2) 

The two I ines formed during rotation are interconnected to those formed 

by other turns. AI I interconnections other than those of the trans-

mission lines are assumed to be electrically short compared with the 

excitation wave-length. 

A balanced-current transmission-I ine analysis simpl ifies the 

consideration of the rotary transformer. In certain cases to be dis-

cussed later, where balanced transmission line analysis fai Is, an un-

balanced transmission line model must be used •. The balanced current 

theory does, however, yield results which correlate with experiment in 

the case of an unshielded transformer having an ungrounded load (see 

Figure 3.3). An analysis of this configuration is provided in 
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Appendix A. If a ground at the load is desired, the network of Figure 

3.4.b. may be used. For maximum power transfer, the optimum load 

impedance is 

R = Z L . 0 

where RL = load resistance (pure real for a lossless line). 

For this loading, the input impedance is given by 

z. = Z 
I 0 

N sin SCia + i b) + jN2 [2 - 2 cos SCia + i b)] 

N sin S(ia + i b) + j sin Sia sin Sib 

and the insertion loss is 

C 3.3) 

(3.4) 

Pav _ 4 N2 sin S(ia + i b) + {sin Sia sin Sib + N2[2 - 2 cos S(ia + ib)]}2 
p-

o 4 N2 {sin2 S(ia + i b) - [2 - 2 cos S(ia + i b)] sin Sia sin Sib} 

(3.5) 

It is important to note that only the imaginary term in the 

denominator of (3.4) is a function of rotation. Als~ changes in the 

value of this equation wi I I be minimal if the total line length per turn 

in wavelengths is smal I. The 3 dB insertion loss point can be determined 

from (3.5) and occurs when iT = 0.3A, the same value predicted by (2.2) 

for the static transformer. The values determined from (3.5) are not 

affected by rotation if the rotary transformer is operated at or below 

the 3 dB high frequency cutoff point. 

Numerically, the number of winding turns, N, wi I I not introduce 

changes in the values given by (3.4) and (3.5) if the total winding 

length is smal I. Several values of N ranging from I to 10 were sub-

stituted into (3.4) and (3.5) and no significant changes in the results 

occurred with iT < 0 _.3A. 
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Rotation through 
e degrees 

Figure 3.4.a Diagram of a rotating turn 

Rotary Joint 

I npu t 

Figure 3.4.b Circuit used when the grounding of the 
load impedance is desired 
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There are parasitic shunt losses introduced into the transmission 

line model as in Chapter II. In particular, shunt reactance, X , and 
m 

a shunt core loss resistance, R , generally must be added to the trans­
p 

former circuit. These account for core losses and magnetizing reactance. 

In the event that shunt terms are present, 

Z. 
In 

z Z. a I = -=:-----:::::0-
Z. + Z 

I a 

where Z = parasitic shunt impedance: R, in para I lei with X a p m 

R = core loss resistance 
p 

Z. = input impedance of transformer adjusted for shunt core 
In 

loss and magnetizing reactance 

In most cases Z is approximately purely reactive near the low 
a 

(3.6) 

frequency cutoff point and equation (2.2), with N N (the number of 
p 

turns), expresses the lower cutoff frequency for the rotary trans-

former. At higher frequencies the core loss increases and R tends to p 

dominate Z. Core loss-tangent data [16J wi I I yield an estimate of a 

R f rom the re I ion 
p 

X 
R = -,--_m--".. 

p 
(3.7) 

where tan 0 = a tabulated loss factor (loss tangent) avai lable as core 

data. 

Usually, it is much more convenient to use an R-X meter to measure 

R for an actual device, since decreases in core permeabi lity at higher 
p 

frequencies cause X to be unpredictable. Also, R is somewhat dependent m p 

upon excitation levels [16J. 
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It should be noted that R , if smal I enough, wi I I reduce the upper 
p 

cutoff frequency to some extent. It is therefore advisable to choose a 

transmission I ine characteristic impedance low enough to reduce the 

effects of shunt parasitics upon the input impedance so that (3.6) wi I I 

reduce approximately to Zi. Impedances on the order of 50 ohms are 

idea I. 

3.2 Experimental Results 

The behavior of a prototype rotating transfonner serves to verify 

the previous analytical discussion. The photograph of the prototype is 

shown in Figure 3.2. The wideband device that was bui It consists of 

five turns with a 110 ohm transmission I ine. The rotor and stator 

were constructed of nylon and these parts were mounted in a ferrite pot 

core (Ferroxcube Part No. 4229P-LOO-3C8). The ferrite core inductance 

index, A
L

, was 5500. The transmission I ine S~T product was measured to be 

S~T = 0.019 f (radians) 

with f given in MHz. 

The measured variation of R versus frequency is depicted by 
p 

Figure 3.5. This data was obtained with an R-X meter whi Ie the trans-

former was open circuited. A low frequency measurement of the open-

circuit input impedance of the transformer indicated that the shunt 

magnetizing reactance was due to a 130 pH indL!ctance. It was impossible 

to determine X at frequencies above I MHz due to shunting effects 
m 

caused by interwinding capacitance. Therefore, X for a theoretical 
m 

analysis was assumed due to a 130 ~H inductance at al I frequencies. 
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The reader should note that the performance of the wideband 

rotating joint correlates wei I with the theory of operation. Over the 

bandwidth of the device, aD-kHz to 80-MHz, there is no detectable 

performance change due to rotation. Consequently Figures 3.6 and 

3.7 which depict the input impedance and insertion loss are accurate 

for 360° of rotation. 

The upper cutoff frequency could be extended by winding fewer 

turns or decreasing the radius of the turns. Both techniques in-

crease the lower cutoff frequency by reducing X. Core losses would be 
m 

increased as wei I since they are related to the magnetizing reactance 

value (see ( 7». Use of a low loss core would, however, balance 

th i s effect. 

AI I measurements were made at low power levels. Input 

impedance and insertion loss measurements were made with signal 

power less than 10 mw. 
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IV. THE ANALYSIS OF TWO USEFUL CONNECTIONS 

Due to the existence of an unbalanced current mode on the trans­

mission line, a shielded rotating transformer cannot be analyzed with 

a balanced current approach. An uate distributed model has been 

proposed by [12J and others [13, 14, 15J and has been found both 

effective and accurate for application to the rotating transformer. 

Two connections wi I I be considered. These essentially are the 

configuration shown by Figure 3.3 except that one of output terminals 

is grounded. The new connections are depicted by Figure 4.1. 

A discussion of the analysis procedure for either connection is 

presented in Appendix B. The 5-turn prototype wi I I be used to test 

these connections. 

4.1 Unbalanced Transmission Line Parameters 

There exist two transmission line modes for these connections. 

These are known in the literature as the balanced and unbalanced 

propagation modes [12J. For either the static or rotating transformer 

the unbalanced mode is undesirable. Measurements indicate that the 

parasitic effects of core loss, shuntcapacitance-to-ground, and magnetiz­

ing reactance are a manifestation of the unbalanced-mode fields. On 

the other hand, the balanced-mode fields are more tightly confined to 

the I ine and generally there is I ittle power dissipation if the sur­

rounding dielectric has a low loss. 

23 
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A grounded metal I ic shield was placed around the prototype trans-

former. This was found necessary in order to faci I itate the measurement 

of unbalanced-I ine parameters such as unbalanced characteristic impedance, 

Z , and the unbalanced propagation constant, y. The measured values of 
u u 

the balanced-I ine parameters were unaffected by the shield. The balanced-

mode parameters were discussed in Chapter III. The unbounded nature 

of the unbalanced-mode fields, however, wi I I cause measurement fluctua-

tion if the position of an unshielded transformer is altered relative 

to a ground plane. The shielding, whi Ie necessary for measurements, 

also simulates anti-crosstalk measures that must be taken if the rotary 

transformer is to be used for a stacked configuration or for multi-

channel use. 

The balanced line parameters, Zo and SiT have been given. Also, 

aiT : 0 (4.1) 

since a is smal I and iT is short, the prototype is loss less in the 

balanced mode. 

The unbalanced mode which propagates on the transmission I ine of 

the rotary transformer has been determined by measurement to be 

dispersive. Using the short circuit and open circuit measurement 

techniques outl ined in Appendix 8, the unbalanced parameters were 

determined for the prototype rotary transformer. The SuiT product, 

illustrated by Figure 4.2.a., has a nonl inear variation with frequency. 

The uuiT product is not zero and is shown in Figure 4.2.b. The un­

balanced characteristic impedance Z ,has a complex value at high u 
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frequencies. It is depicted by Figure 4.3. Each of these parameters 

display the properties common to a lossy transmission line mode. 

A core air gap between the stator and rotor is a requirement if the 

transformer is to rotate freely. The air gap is formed between the two 

halves of the pot core used for the prototype model. One half of the pot 

core wi I I turn with the rotor whi Ie the other half is fixed to the 

stator. The air gap separates the pot core pieces. 

The unbalanced transmission I ine parameters, Zu' uu l T' and SuiT' 

obtained for several different air gap sizes are also shown in Figures 

4.2 and 4.3. The parameters were determined from short circuit and 

open circuit measurements performed on the prototype transformer. A 

plastic shim was used to maintain air gap separation during experimenta-

tion. 

The most extensive effect of an air gap is observed with Iz I which 
u 

fel I from a value of 2000 ohms for no gap to approximately 600 ohms for 

a, 12-mi I air gap. To a good approximation the effects of an air gap on 

Z are directly related to the effects of air gaps on the inductance 
u 

index, AL• For any two different air gap sizes 

(4.2) 

Equation (4.2) is an empirical observation which is accurate at low 

frequencies. Errors in (4.2) occur at high frequencies because Z is 
u 

related to distributed-I ine capacitance to ground [12J. 
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It is also interesting to note that the unbalanced mode propagates 

at a lower phase velocity than does the balanced mode. At fow 

frequencies when both modes have low loss, 

v s p _ u 
V-a 

u 

where V = balanced-mode phase velocity 
p 

V = unbalanced-mode phase velocity 
u 

(4.3 

Measurements with different air gaps indicate that as the air gap is 

increased, AL' Iz I and V Iv decrease in magnitude but maintain their 
u p u 

values to higher frequencies as shown by the tabulation: 

V 
f < I MHz, No gap: A = 5500, Iz I = 2100, ~ = 25 

L u V 
u 
V 

f < 5 MHz, 6-mi I. gap AL = 1000, IZul = 850, ~ = 10 
u 

V 
f < (0 MHz, 12-mi I. gap: A = 590 Iz I = 650 ~ = 7 L ' u ' V u 

The transformer lower cutoff frequency can be expected to increase 

with air gap size. Equation (2.9), is useful for a determination of 

the lower cutoff. Due to a reduction of core flux because of air gap 

reluctance there is a reduction in core losses. As a result, there is 

a reduction in a iT. Also the unbalanced characteristic impedance, 
u 

although reduced, tends to be real valued for sl ightly higher frequencies 

than observed with no air gap. Little change in transformer performance 

due to an air gap is expected at very high frequencies since the curves 

of Figures 4.2 and 4.3 converge for different air gaps. 
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4.2 Two Transformer Connections 

The two networks depicted by Figure 4.1, are useful if there is a 

need for a common ground connection between the stator and rotor circuits. 

With the exception of rotation, these are I: I balun type connections. A 

computer analysis based on the discussion in Appendix B provides a 

compari son between pred i cted and experimenta I characteri sti cs of the 

rotary transformer for these circuits. 

These two configurations, hereafter designated as connection 1 and 

2, were terminated with ZL = Zo and wi I 1 be examined for: 

I) Variation of Input Impedance vs. Frequency' 

2) Insertion Loss Bandwidth 

3) Power Transfer 

4) Effects of Rotation (val id for 0-12 mi I air gap) 

4.3 Connection I (Figure 4.1) Response 

The response curves for this connection are as fol lows: 

I) Insertion Loss and Power Transfer: Figures 4.4, 4.5, and 4.6 

2) Input Impedance: Figure 4.7, 4.8, and 4.9 

3) Effects of Rotation on Input Impedance and Insertion Loss: 

Fig u res 4. I 0, 4. I I, an d 4. I 2 

Note that experimental data as wei I as theoretical data are plotted. The 

measured 3 dB bandwidth of the transformer with no air gap is 80 kHz to 

80 MHz (see Figure 4.4.a). With an increase of gap size the high 

frequency response is not affected. This is expected due to the trans­

mission line parameter convergence noted at high frequencies (see 

Figure 4.2 and 4.3). However, the lower cutoff frequency is increased 
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to approximately 300 kHz with a 6 mi I air gap, and to 500 kHz with a 

12 mi I gap (see also Figures 4.5 and 4.6). The power transfer curves 

(Figures 4.4.b, 4.5.b, and 4.6.b) relate the input terminal power, 

Pin' to the power absorbed by the load. The fraction of input power 

lost in the transformer can be determined from 

P 
foss = 1.0 _ P /P. 
in 0 In 

(4.4) 

The input impedance curves (Figures 4.7, 4.8, and 4.9) depict 

the presence of a strong resonance condition near the upper cutoff 

frequency. This condition is caused by current being reflected from the 

ground plane short at the I ine output terminals and adding out of phase 

with the input current to the transmission line. Little power transfer 

occurs for connection I when the I ine length, iT' approaches A/4. 

This resonance condition reduces the usefulness of this connection. 

Near resonance the device is sensitive to rotation. It is thought, too, 

that capacitance to ground between the input leads feeding the trans-

former rotor and stator aggravate the sensitivity of the transformer to 

rotation. Note in Figure 3.2 how the connections are brought out from 

the top of the stator or rotor coi Is. In order to connect to the 

opposite coi I end a short length of wire must longitudinally behind 

each winding. Changes in the transformer response occur at e = 00 

when these wires connected to the rotor and stator coi Is al ign (see 

Figures 4. I I and 4.12). This effect is not observed when the I ine length 

is iT .s.. A/8, approximately at 40 MHz for this transformer. Also, when 

the shield is removed and connections discussed in Chapter III are used 

no such rotational sensitivity is observed. 
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4.4 Connection 2 (Figure 4.1) Response 

The response curves for this connection are as fol lows: 

I) Insertion Loss and Power Transfer: Figures 4.13,4.14, 

and 4.15 

2) Input Impedance: Figures 4.16,4.17, and 4.18 

3) Effects of rotation: Figures 4.19, 4.20, and 4.21 

This connection exhibits a very good frequency response compared 

with that of connection I. There is no strong resonance effect 

observed near cutoff, and the impedance match is flat for a wide range 

of frequencies. The low frequency response is typically the same as 

that observed with connection I, but due to the lack of the resonance 

the upper cutoff frequency is enhanced by approximately five to ten 

megahertz. 

Resonance' is not a prob I em with th i s connect i on due to the pi ace­

ment of the load impedance. For this configuration, I ittle power is 

reflected from the matched load impedance, ZL = ZO' terminating the 

transmission line output. 

This balun type connection is a standard type used for static 

transformers [I, 13J. The rotating transformer performs wei I with this 

connection also. The absence of resonance reduces the sensitivity of 

the transformer to rotation (see Figures 4.19,4.20, and 4.21). Near 

the upper cutoff the effects introduced by the input leads are present 

but are not as pronounced as were observed for connection I. If there is 

a common ground between rotor and stator circuits connection 2 should 

be used. 
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V. CONCLUSIONS 

5. I Summary 

The theory of static wideband transformers has been appl ied to the 

design of a VHF rotary coupler that has a bandwidth ratio of 1000:1, 

and that requires no physical contact between the stator and rotor. 

A combination of balanced and unbalanced transmission I ine theory has 

been used to predict the performance of the coupler, and measurements 

on the prototype model showed excel lent agreement with predicted values. 

Input impedance and insertion loss were shown to be essentially 

independent of rotation over a wide frequency range. 

A significant aspect of this work is the analysis of the rotating 

turn in terms of two transmission I ine segments of variable length. 

This, coupled with the unbalanced-line theory from Sato [12J, led to 

a complex analysis that resulted in a system of 20 simultaneous equations 

to describe the 5-turn transformer. Thus, a computer solution was the 

only feasible method to predict the coupler performance. 

The recommended circuit connections depend upon the application: 

(I) If the rotor circuit can "float" off ground, and if no shielding 

is required, the circuit of Figure 3.3 is best. 

(2) If an unbalanced load (one side grounded) is required, the 

connection of Figure 3.4.b gives the best performance except that the 

added balun (static transformer) wi I I contribute an additional 0.5-1 

dB of loss. 
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(3) The balun can be omitted by use of connection 2in Figure 4.1. 

This connection is somewhat more sensitive to rotation than that of 

Figure 3.4.b. 

When a shield is used to prevent crosstalk with other circuits, the 

performance of the coupler is affected sl ightly by its proximity to 

the shield, as shown by measurements of the unbalanced-I ine parameters. 

An air gap is necessary between the two halves of the pot core 

in order to al low free rotation. Data taken with gaps from 0 to 12 mi Is 

indicate that the primary effect of a gap is to raise the lower cutoff 

frequency because of the decrease in primary inductance. High frequency 

performance was not affected by the presence of the air gap. 

5.2 Possible Appl ications 

The rotary coupler should find application wherever electrical 

signals above the audio range are to be transmitted between a stationary 

and a rotating structure, particularly if wide bandwidths are required. 

Slip rings are used for many such applications, but they produce 

electrical noise and may overheat at high speeds due to brush friction. 

The rotary coupler has no sliding contacts, and thus avoids these 

problems. 

The device could be used as a coupler to continuously-rotating 

antennas, and also to television antennas to avoid problems wJth wrap­

around cables. It would also be useful for telemetering experimental 

data from high-speed turbines or other rotating structures to a 

stationary terminal. One limitation on such appl ications should be 
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mentioned--the physical size (d'.iameter) of the coupler must not be so 

large that the transmission-I ine wavelength wi I I exceed O.3A at the 

highest frequency. 

5.3 Suggestions for Further rch 

(I) Because of equipment I imitations, al I measurements for this 

dissertation were made at a power level of less than 10 mil Iwatts. As 

the transmitted power is increased, losses in the ferrite core would 

be expected to increase. The way in which core loss varies with power 

level and frequency should be investigated in order to establish some 

sort of power rating for a given size core and core material. This 

investigation would be equally valid for static transformers. 

(2) The moving parts of the prototype rotary coupler (see 

Figure 3.2) consist of a nylon "sleeve bearing" in which the windings 

are embedded and the two halves of the pot core. For high-speed 

appl ications this configuration would not be desirable from a mechanical 

ndpoint. It is suggested 1 therefore, that the configuration shown 

in Figure 5.1 be investigated. Here each winding is in one plane 1 

either imbedded in or plated upon a ferrite disc. Each turn of a 

winding is circular 1 as shown in Figure 5.1, and the successive turns 

are series connected. If the turns placed upon the two discs are mirror 

rn .... fi ........ , they wi I I form para I Ie I-w ire transm iss i on lines whose (ba I anced) 

characteristic impedance is a function of the cqnductor width and spacing; 

hence the value of Z could be adjusted by the spacing between the 
o 

stationary and rotating discs. The analysis used in this report should 
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Figure 5. I Planar rotary transformer 
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apply directly to this type of configuration, except that each turn 

wi I I have a different total length. 

(3) Manufacturer's data sheets on ferrite materials generally 

do not give information on initial permeabi I ity, inductance index, and 

loss tangent over the frequency range in which the cores are useful. 

Thus it is not possible to predict wideband performance of the trans­

former from catalog data. 

The measurement of balanced and unbalanced line parameters to gain 

information for such predictions is time-consuming, and can be done 

only after the transformer is bui It. Construction and evaluation of a 

number of transformers using a variety of core materials might yield at 

least an empirical guide for prel iminary design, or at best a means of 

improving data-sheet information. 

The behavior of different types of ferrite core materials over 

wide frequency bands requires investigation, for it appears from the 

research reported here that these cores are useful to much higher 

frequencies than catalog information indicates. 



APPENDIX A 

Balanced Current Transmission Line Analysis 

For a two-w I re loss less transmi ss i on line 1 n Fi gure A.I, two-port 

transmission equations are 

= 

where A B 

= 

C D 

A B 

C 0 

cosS2 

i- s inSJl. 
o 

j Z s i nSt o 

cosSJl. (A. I ) 

and YS' IS are input voltage and current (IS into port) and VR, IR are 

output voltage and current (I R out of port). These two-port equations 

can be appl ied to Figure A.2 such that for the kth turn of an N-turn 

rotary trans former: 

V(k) A B y(k) 
I a a 2 

= 

I J C A I (A.2) 
a a 0 
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Figure A. I Balanced current transmission I ine configuration 
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Figure A.2 Transmission line circuit for rotating transformer 
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(A.3) 

The "an and "bit subscripts indicate that the equations apply to line 

segments having lengths ~a and ~b respectively. 

The input and output terminal voltages of the rotary transformer 

configuration in Figure A.2 are expressed by 

N 
[V (k) _ V (k)] v. = L: 

I k=1 I 3 
(A.4) 

N 
[V (k) _ V (k)] V = L: 

0 k=1 2 4 (A.5) 

Equations (A.2) and ~.3) can be used to express (A.4) and (A.5) in terms 

of the network input and output currents such that 

y(k) = ~ _ Aa I 
2 C C 0 a a 

y (k) = ~ _ Ab I 
3 Cb Cb i 

(k) Ab I . 
y = - I I 

4 C
b 

0 - C
b 

(A.6) 

(A.7) 

(A.B) 

(A.9) 
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The input and output currents (l. and I ) are the same for each 
I 0 

winding because of the balanced current assumption. So long as al I 

windings are identical then regardless of rotation: 

and 

v ( I ) = V(2} = = yeN) 
I I I 

V ( I) = = yeN) 
2 2 

v(l) = = yeN) 
3 3 

V ( I) = = yeN) 
4 4 

Now (A.4) and (A.5) can be expressed as: 

V = N [V - V ] 024 

(A.IO) 

(A. I I ) 

(A.12) 

(A.13) 

(A. 14) 

(A.15) 

The transmission equations of the N-turn rotary transformer configu-

ration are derived from a substitution of (A.6) thru (A.9) into (A.14) 

and (A. 15) • The resu It is that 

V., = 
I 

I o 

(A. 16) 

(A. 17) 



61 

It can be determined from (A.16) and (A.17) that the rotary transformer 

is bi lateral and symmetrical regardless of rotation. Therefore, either 

the stator or rotor could serve as a signal input or output. 

Equations (A.16) and (A.17) can be expressed in terms of trans-

mission line parameters as 

sin 8 (,~a + t b) j N Z [2 - 2 cos 8 (t + tb )] 
V. V 0 a = + I 

I sin 8ta + sin tb 0 sin sta + sin 8tb 0 

and 

j sin 8t sin stb sin 8 (t
a 

+ t
b

) 
I r 

a 
V + I = N Z sin 8t + sin 8tb 0 sin 8t

a + sin Stb 0 
0 a 

If the output is loaded with impedance Zl so that 

then the input impedance is expressed by 

N Zl sin S (t
a 

+ t
b

) + j N2 Z [2 - 2 cos S (ta + t
b
)] 

Z. Z 0 = N A I 0 sin S (t a + t b) + j Zl sin SR. sin stb 
0 a 

The i nserti on loss is ca Icu I ated to be 

where 

p 
av - ElF p-
o 

E = (Zl + Zo)2 N2 sin 26 (ta + t b) + {Zl sin Sta sin Stb + 

Zo N2 [2 - 2 cos 6 eta + tb>]}2 

(A.18) 

(A.19) 

(A.20) 

(A.21) 

(A.22) 

(A.23) 
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and 

F = 4 ZL Zo {N2 sin 26 (ta + t b) - N2 [2 - 2 cos 6 eta + tb)J. 

sin 6ta sin atb}. (A.24) 



APPENDI X B 

Unbalanced Transmission Line 
Theory Appl ied to the Rotary Transformer 

The analysis of the rotating transmission line transformer for 

instances when unbalanced currents are present is aided by the theory 

of earl ier work [12, 13, 14, 15, 17J. In particular, Sato [12J 

proposed a very useful matrix to describe the unbalanced transmission 

line illustrated in Figure B. I.a. This matrix is expressed by 

V'R. xI x2 zi z2 

V2R. x2 xI z2 zi 

= 

I,,R, YI Y2 xI x2 

12R. Y2 YI x2 xI 

where x I = (cosh y R. + cosh Y R.)/2 u 0 

x2 = (cosh Y ,R, - cosh y ,R,)/2 u 0 

Z 
zi = Z sinh y ,R, + ~ sinh Y R, u u 0 

Z 

z2 = Z sinh Y R, - -.£ sinh Y ,R, 
u I.J 4 0 

1 • hi'll . h 1'1 
YI = 4Z sin YuN + Z sIn YoN 

u 0 

- I I 
YZ - 4Z • sinh yuR, - z- sinh 

u 0 
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y R, 
o 

V,O 

V20 

IIO 

IZO 

(B. I ) 

(8.2) 
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Figure B.I.a Unbalanced transmission line 
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~~!------------~ 
1. 1lb 

1777777777 

Figure B.I.b Unbalanced transmission I ine circuit formed 
during rotation (voltages are referenced to ground plane) 
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1 

~ I 7 7 717 1/ 7 7 77; III 
y : Zu cot a n h ¥u S( 

~ /11/; ,,;;l/ 1/) 
.~ : Zu tanh ~u..Q. 

Figure B.I.c Connection for measuring 
transmission I ine parameters 
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and 

y = a + j8 • u u u 

Two transmission line modes exist on the two wire line when unbalanced 

currents are present. This is indicated by the two propagation constants 

and by the two characteristic impedances Z and Z , the balanced and 
o u 

unbalanced current characteristic impedances respectively. 

The inverse of (B.I) is sometimes useful and is expressed by 

= 

-y -y 
I 2 

-z 
I 

-z 2 

-z 
2 

-z I 
(B.3) 

From experiment it has been determined that wide band transformers 

in general tend to be lossless in the balanced mode if the I ine length 

is short and good dielectrics are used. Under this condItion 

Yo = ja (B.4) 

and 

sinh y t = j sin 8t 
0 

(B.5) 
cosh y t = cos at 

0 
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Equations (8.1) and (B.4) can be applied to the rotary transformer 

turn configuration depicted in Figure B.l .b. The rotating structure 

forms two transmission lines during rotation each having length ~ 
a 

and ~b. The rotation ang Ie, e, is related to ~ and ~b by a 

21T R.b 
e = (e in radi ans) 

~a + ~b 
(B.6) 

The sum in the denominator of (B.6) is constant during rotation 

and is the length of a single transformer turn. The pa ramete rs Z , o 

z , y , and y can al I be measured for the rotary transformer when 
u 0 u 

e = 0, using the conneciions of Figure B.I.c. 

The values of Z , Z , y , and yare determined [ISJ from the short 
o l.l 0 u 

circuit and open circuit parameters obtained by the measurement techniques 

illustrated by Figure B.l.c: 

Z = IZ Z 
0 oc sc 

(B.7) 

Z = IZ Z 
, 

u oc sc 

where 

Z = Z cotanh y R. oc 0 0 

Z = Z tanh y ~ sc o 0 

Z 
, 

= Z cotanh y ~ oc u u 
(B.B) 

Z 
, = Z tanh y ~ sc u u 

Also, 

tanh y R, = J~sc = A + jB 
. 0 

oc 
(B.9) 
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tanh Yut =,/~sc: = A' + jB', 
oc 

and it can be shown that 

ai = d tanh -I ( 2 A ) 
A2 + B2 + I 

SR, = ~ tan-I ( 2 B )+ M1T 
2 I _ A2 _ B2 2 

a R, = 1. tanh - I ( 2 A ' ) 
u 2. (AI) 2 + (8') 2 + I 

S R, = 1. ta n - I ( 2 B ' )+ L 7T 
U 2 I _ (A,)2 _ (B,)2 2 

where M and L are integers. 

The equations of a single turn can be shown to be 

VI V3 

V2 V4 
= [G] 

I 1 I3 

12 14 

(8.10) 

(B. I I ) 

(B.12) 

(B.13) 

(B.14) 

(B.15) 

where [G] is given in Table I. Note that the "au and "b" subscripts 

indicate that terms from (B.I) and (8.2) have line lengths ia and R,b. 

The matrix expressed by (B.15) is appl icable to the analysis of several 

connections made with the rotary transformer. Two of interest are the 

I: I balun type hookups depicted by Figure B.2. Each, in general, could 

have N turns. A prototype was bui It with five turns. The 

boundary conditions for connection I and N = 5, (see Figure B.2.) are 

that: 
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I n put 
1 I vel) 1 (1) 

3 '3 
Grou nd for 
Connection (2) I ~v~l) I 

1...-,.-----...1)--:"':""::'------,- - -, 
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V(2) I (2) 

I V~2) 1 '1 I 2 

v/ I I : I V3 v~2)1 ZL 
(2) < I 

I2 I I (2) 
I I4 

I • 

I 

I v~)IfJ N Iv eN) I eN) I 

V~N) I 
3 3 I 

CV~N) I~N) I _..1._ 

-I leN) I 
Ground 

I for 
'Y 2 Connection (1) 

- -

~II ~t. 

r 

Connect io n (1) Connection (2) 

Figure B.2 Terminal conditions for rotary transformer connections 
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V(I) = v(2) V(I) = v(2) 1 CI ) = _1(2) 1 (! ) = 1(2 ) 
2 I 3 4 3 4 2 I 

(B.16) 
V(2) = V(3) Y (2) = y(3) 1(2) = _1(3) 1(2) = 1(3) 

2 I 3 4 3 4 2 I 

y(3) = y(4} y(3) = y(4) 1(3) = -1 (4) 1(3 ) = I(4) 
2 I 3 4 3 4 2 I 

y(4) = V(5) V(4) = y(5) 1(4) = _1(5) 1 (4) = 1(5) 
2 I 3 4 3 4 2 I 

V(5) 
2 = 0 

also 

y (5) = 0 
3 

y. = Y ( I) 
I I 

1. 
I 

= I ( I ) 
I 

(B.17) 

Y = Y ( I) 
0 4 

I = 1 (I ) 
0 4 

The position of the output ground can be relocated to form 

connection 2. For this case it is necessary to change the terminal 

boundary conditions such that 

1 = _1(5) 
o 3 

V _y(5) 
o 3 

y(I)=o. 
4 

(B.18) 

letting yil) be the independent variable, twenty equations result 

for a 5-turn device. In general using (B.7), four equations and four 

unknown quantities result per turn. The equations also wi I I change with 
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rotation. Consequently, due to this and the system size, solution 

must be obtained on a digital computer. Results are discussed in 

Chapter IV. 
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Table I. Elements of [G] (equation (B.15» 

[x I a 2 + y'l a Z I a] 

2) 
. _ x I b Z I a y I b x I a (x2a - x2b ) 

9'2 - D (Y2a - Y2b ) - D (z2a + z2b) - D 

[X 1a x 1b - Y1b zlaJ 

x 2 Z 2 

3) 9 I 3 = z2a - -tl- (z2a + z2b) - -tl- {y 2a + Y 2b > 

x - x 
+ ( 2a D 2b) [z, a x, b - x I a Z, bJ 

5) 
_ x 1a zib x 1b Yla 

921 - D (Y2a + Y2b ) - D (z2a + z2b) 

x
2 

- x
2b 

+ a D [x 1a x 1b ~ Yla zlbJ 

x
1b 

6) .922 = x2b - [) [zib (Y2a + Y2b ) + Ylb (z2a + z2b>] 
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Table (continued) 

x - x 
+ ( 2a D 2b) (X

1a 
x

1b 
- zlb Ylb ) 

Yla Y1b x1a x'b 
= D (z2a + z2b) - 0 (x2a - x2b ) 

2 Y1b 
14) 942 = -Y2b + -0--- ( 
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Table I (continued) 
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WIDEBAND ROTARY TRANSFORMER FOR VHF USE 

by 

Charles W. AI len 

(ABSTRACT) 

This report describes a device which transmits wideband VHF 

signals across a rotating structure. It has potential application 

to antenna systems which rotate and also to telemetry between 

stationary and rotating structures. 

No electrical contact is necessary between stationary and ro­

tating terminals. The bandwidth typically is 1000: I and the device 

can be designed to operate from a few megahertz to wei I up into the 

VHF band. 

A successful prototype has been developed which verifies the 

device theory. 


