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Abstract

The compromises involved in the design of RF bridges using current-transformers often lead to a
transformer secondary inductance that is inadequate for good low-frequency amplitude flatness at
the detector port. A solution to this problem is to make the transformer secondary loading network
into a second-order high-pass filter and choose the components to give either maximal flatness or a
small overboost. This approach gives a broadband high-precision current sampling network. To
make a transmission bridge, it is necessary to design a corresponding maximally-flat voltage-
sampling network. Using passive networks, this can be done using resistive voltage-sampling
(RVS) with a compensating inductor in parallel with the lower voltage-sampling arm. The problem
of thermal drift in the low-frequency balance condition, due to the variation of transformer core
permeability with temperature, is solved by using the same magnetic material for the transformer
and the compensating inductor. At high frequencies, the maximally flat impedance bridge
degenerates into a conventional RVS bridge. The neutralisation problems associated with this
configuration are discussed.

Table of Contents

INEEOAUCTION. ...ttt et a e et e st e e bt e e st e e bt e s eabbeeeanbeeesanbaeeaans 2
1. Prototype maximally-flat DridZe .........ccceeriieiiiiiieiiee e et 3
1.1 Condition for maximal flatness - current sampling network: ..........cccooevvveeiiiiiiiiincie e, 4
1.2 Condition for maximal flatness - voltage sampling network ..............ccoeevieviiiiiiiiiniiiieiiieee 6
1.3 Bridge balance CONAITIONS .........ccueeeiiieeiiiieiiieeeiieeeiee et e esteeesteeesireeeeaeesareessnsaeeeesennnsaeeeeennns 7
1.4 Low-frequency drop-0ff ...t et e e e s 11
1.5 [Evaluating candidate tranSfOrmMeTrs ..........cc.ceecuiieriieeriie e e e e e aaeee s 16
1.6 QUAAIALUIE POINE ....eiiiiieniieeiiieiie ettt ettt et e et e et e et e et e e eabeesbeesaeeenseessaeenseenseeenseensseaesnsneens 18
1.7 Preliminary design calCulations ...........coccuieeeiiieiiiiieiiiie ettt e e seaeeenree e 20
1.8 Losses in the current-sampling NEtWOTK ...........ccccoiiiiiiiiiiiiiiiiiee e 22
1.9 Trial voltage-sampling NEtWOTKS ........cocuviiiiiiiiiiiiecie e 25
1.10 MUIt-TUIN PIIMATIES ...eevvieiiientieeiieeiie ettt eite st estteeteeitesbeesstessseeseesnseesseeenseensseeeansseeessseeessseens 27
Lo 1T OVEIDOOSE ..ottt ettt et e st e b e e ab e et e e sat e e bt esateeabeesabeenbeenaeeas 28
2 SPICE STMUIATIONS ....eutiiiiiiieniieieeiesttest ettt sttt ettt sttt et et sb et sat e bt et eeatenbeenbeeeeee 30
3. High-frequency RVS MOdEl .........oooiiioiiiieiie ettt e e e e e nanaeae s 33

| BT w0110 o) o WO 41


http://www.g3ynh.info/

Introduction

A problem with the design of conventional RF broadband current-transformers lies in reconciling
the choice of secondary inductance with the need to maintain good sensitivity at low-frequencies
and good phase performance at high-frequencies. This is a particular drawback when trying to
design accurate passive directional power-meters or return-loss analysers, because the low-
frequency roll-off in detector sensitivity makes a nonsense of any attempt at indicator calibration.
In order to obtain amplitude flatness within 1% using a conventional transformer, it is necessary for
the secondary reactance to be 7 times greater than the secondary load resistance at the lowest
operating frequency'. For a lower limit of (say) 1.6 MHz and a load resistance of 50 Q, this implies
an inductance of 35 uH. In HF radio engineering terms, this is a large, and in some cases
impractical, inductance. The difficulty becomes apparent when it is observed that a large
inductance can be obtained in one of three ways: by using a large number of secondary turns; by
using a transformer core with a large magnetic path area; or by using high-permeability core
material. None of these options is attractive. Using many turns or a large-area core implies a large
conductor length, with attendant problems of propagation delay and winding resistance. Using
many turns also implies a low overall transresistance (volts out vs. current in) and hence low
sensitivity. Resorting to high-permeability materials (which are more properly intended for EMC
filtering and other non-critical applications) results in high core losses, strong dispersion effects
(i.e., frequency-dependent inductance variation), and a huge temperature-coefficient of inductance.
It starts to look as though good low-frequency performance is a lost cause unless frequency
measurement and digital signal processing is included in the design; but there is a passive solution;
the maximally-flat current-transformer network, which can achieve a flat output without the need
for a large secondary inductance.

The theory of the maximally-flat current-transformer was introduced in another article® and has
been confirmed experimentally’. The circuit is that of a conventional current-transformer network
with an additional capacitor placed in series with the secondary winding. The capacitor is chosen in
relation to the other circuit parameters so that the network becomes a maximally-flat second-order
high-pass filter, the effect being to steepen the low-frequency skirt and give an almost-constant in-
band amplitude response. The inductance requirement for an in-band amplitude flatness within 2%
is reduced by a factor of about 4 by inclusion of this LF-boost capacitor.

In order to use the maximally-flat current-transformer as part of a transmission bridge, it is
necessary to devise a companion maximally-flat voltage-sampling network. The point is to tailor
the frequency response of the voltage network so that it tracks that of the current-sampling network
in both magnitude and phase. Unfortunately, it is not possible to do so by modifying the
conventional capacitive potential divider, because the counterpart of the boost capacitor is then a
negative resistance. This means that a resistive potential-divider is mandatory if a solution is to be
found using passive components. Passive resistive voltage-sampling (RVS) bridges are unsuitable
for monitoring high-power transmitters because the divider will typically absorb 1 or 2% of the
input power; but it is important to consider the merits of a maximally-flat bridge in the context of an
appropriate application. The point is to make an instrument capable of producing accurate return-
loss or SWR measurements; in which case the power-level at which the reading is made is a matter
of choice, and is preferably low. One virtue of the maximally-flat current-sampling network is that
it requires a low number of turns on the transformer and therefore allows a high transresistance.
Hence it is ideal for sensitive bridges, i.e., bridges that give an off-balance output of several volts
when the transmitted power is in the 10 W to 100 W range.

1 Current transformers for RF bridges and ammeters. D W Knight. www.g3ynh.info/zdocs/bridges/
2 The maximally-flat current transformer. D W Knight.
3 Amplitude response of conventional and maximally-flat current transformers. D W Knight



1. Prototype maximally-flat bridge

i Vu :
' o SN |
Y et | Sl
V' z |
(RD} Theoretical prototype for a
transmission bridge with a maximally-
flat amplitude vs. frequency response at
o— i the detector port.
VVT The bridge is required to balance (i.e.,

give zero output at the detector port)
when: Z =R,

Z

The first thing to notice about the prototype circuit above is that it is a low-frequency model. There
is no component to represent propagation delay and other effects that mimic transformer secondary
parallel capacitance; there is no component to represent the self-capacitance of the LF
compensation coil Ly; and it is assumed that the resistor R, has no capacitance. Such liberties can
be taken at this stage of the analysis because the boost capacitances C, and C, are relatively large,
and their reactances become correspondingly small at high-frequencies. Thus the bridge
degenerates into a conventional resistive voltage-sampling (RVS) arrangement in the upper reaches
of its frequency range, allowing the HF neutralising requirements to be deduced by reference to a
simplified model.

The current-transformer is shown with a Faraday shield. This is done, not because a shield is
necessary, but because it simplifies the circuit analysis®. The shield adds stray capacitance from the
secondary winding to ground; which, although not desirable, can be lumped with the self-
capacitance of L, in the high-frequency regime. Omitting the shield introduces stray capacitance
from the through-line to the secondary winding, which complicates the model considerably; and by
reducing the average capacitance per unit length of the through-line, gives rise to a mis-match that
manifests itself as an increase in the apparent secondary parallel capacitance of the transformer.
Notice also that the shield is earthed on the generator side of the transformer. This means that the
capacitive current associated with the load-side part of the shield flows twice through the core,
forward on the centre conductor and back on the shield, so that the overall effect on the transformer
output is zero.

The current-transformer network differs from that described in the earlier reference® by the
inclusion of an extra resistance Rjx. The reason for the addition is that the Thévenin-equivalent
voltage and current sampling networks must be topologically equivalent if they are to have identical
phase and magnitude characteristics. In the Thévenin equivalent circuit for the voltage-sampling
network, R, is in parallel with L,. Hence we need a resistance in parallel with L; in order to
achieve a frequency-independent solution for the bridge balance condition. Notice that this
resistance has a double subscript. This is because it will be resolved eventually into two resistances
in parallel: R;, an actual resistor; and Ry, a resistance to represent the transformer losses. Notice
also that, instead of including Rjx , we could place a resistance R,/ N* across the transformer
primary.

4 Evaluation and optimisation of current transformer bridges. D W Knight. See: Section 19.
5 The maximally-flat current transformer. DWK
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1.1 Condition for maximal flatness - current sampling network:

Referring to the circuit diagram given in the previous subsection; we can write an expression for the
voltage appearing across the current-transformer secondary (V) by first noting that I =V/Z and
then applying the ampere-turns rule:

Vi=VZi/(NZ) (1.1.1)
where Z; represents the total load across the secondary winding (including the winding itself), i.e.:
Z;=Rj// jXvui// (Ra+ jXcn)

(where " // " means "in parallel with"), and N is the transformer turns ratio (N = N;/ N,,).
Generally, the number of primary turns N,=1 for a current-transformer, but there is nothing in

principle to prevent the use of several turns of thin coaxial cable.

The high-pass filtered output V;' is obtained from V; via a potential divider composed of C, and
Ry, thus:

[ Rix// jXvi// (Rn+ jXcn) ] Ru
Vi =V (1.1.2)
NZ (Rnt+ jXcn)

We now need to find the parameter relationship that gives the maximally-flat in-band magnitude
response. Since the circuit is a linear network, we can start by dividing both sides of the expression
by V to give the response function in dimensionless form. Inverting the function then allows the
parallel combination of impedances to be represented as a series of admittances. Thus:

Vv 1 1 1 (Ra+ jXcn)
—=NZ | —+ +
\%A Rk  jXui (RatjXcn) Ry

Multiplying out, and regrouping the terms into reals and imaginaries (noting that 1/j = -j), gives:

—_— _+

V N Z Rh XCh XCh Rh
+1+]j (1.1.3)

Vi Ru R; Xui R; X

To find the reciprocal magnitude response, we take the magnitude of the expression above:
A\ N |Z| Ru Xcn 2 Xcn Ry \?
— = — — + — +1 + _ - —
vi| R R Xu Ry Xu

Multiplying out gives:



A% N |Z| Ry Xen? 2Ry 2Xcn Xcn?  Ry?
+1+ — + + +
Vi' Rh Rj k2 XLi2 Rj XLi Rjk2 >(Li2

| = -+

which can be rearranged:

—+1 + + + (1.1.4)

v| Nz \/ ( R, ) 2 Xer  Xew 2Xen Ry
= +
R X Ry Xui Xui?

Vi Ry

The four right-most terms inside the square-root bracket are frequency-dependent. Of those
however, the first two, Xcw? / Xii? and Xcn? / Ry will be small within the passband because Xcw?
diminishes rapidly above the cutoff frequency, X increases rapidly, and Ry? will be relatively
large. This leaves us to consider the last two terms, which can be placed on a common denominator
thus:

2Xcn Ry? 2Xcn XLit+ Ry? R2-2Li/ Cy
+ — =
Xui Xii? Xii? X

The frequency dependence of the in-band magnitude response can therefore be minimised choosing
the circuit parameters so that:

Ry?-2 Li/ Cy=0
Hence the boost capacitance can be calculated from the expression:

Ch=2Li/Ry? 1.1.5

An alternative version of this expression, which allows Xcn to be eliminated from the network
response function once the condition for maximal flatness has been imposed, is:

XCh = - ha / 2 XLi 1.1.6



1.2 Condition for maximal flatness - voltage sampling network
Referring to the circuit diagram in section 1; the voltage V, is derived from an ordinary potential
divider and can be written:

VV =V' Z]/ (R2+ Z])
Le.:

jXLv//(R1+jXCV)
V, =V

Ro+ [j X/ (Rit jXev) ]
Multiplying numerator and denominator by R, gives:

Ro// jXun// (Ri+ jXev)
V, =V

R,
The high-pass filtered output V,' is derived from V, via another potential divider, i.e.;
V' =V R/ (Ri+ jXcev)

Hence:

Ro// jXun// ( Ryt jXev) R,
vV, =V (1.2.1)
R, (Ri+ jXe)

This expression is exactly analogous to equation (1.1.2). Hence, by inspection, the condition for
maximal flatness of the voltage-sampling network is:

Cy=2L,/Rs? 1.2.2
This can be re-stated in reactance form as before:

XCV = - R12 / 2 XLV 1.2.3



1.3 Bridge balance conditions

When the bridge is balanced, the arbitrary load impedance Z is replaced by the target load
resistance Ry. In that condition, the outputs of the current and voltage sampling networks must be
equal at all frequencies insofar as the model provides an accurate description of the physical circuit.
Using equation (1.1.2), we can write a condensed form of the dimensionless current transfer
function as:

Vi Z; Ry
S (1.3.1)
\% NZ (Ruyt+jXcn)

Where: 7= Rjk// jXLl// ( Ry+ jXCh)

We can also write a condensed form of the voltage transfer function (1.2.1):

(Ra// Z) R
Vv' =V

R, (Ri+ jXev)

Where Z; = jXiy// (Ri+ jXcy)

But notice here that V' is not the same as V. There will be a voltage drop across the transformer
primary given by:

Vii = I Z,/ 1\12

1.e., the impedance looking into the current transformer primary will be (to a very good
approximation) the secondary load impedance divided by the square of the turns ratio. Vi can be
expressed in terms of V by using the substitution:

I=V/Z

Hence:

V':V+Vii:V[1+Zi/(ZN2)]

Hence, the dimensionless voltage transfer function using the load voltage V as the reference is:

\& (Ro// Z) Ry Z
= 1+
\4 R, (Ri+jXev) N

(1.3.2)

The voltage and current transfer functions, both using V as the reference level, become equal when
Z =Ry. So too do their reciprocals, with the advantage that parallel impedances become sums of
admittances. Hence, equating the reciprocals of equations (1.3.1) and (1.3.2), and moving the
primary voltage-drop correction to the current-network side:



R, (Ri+jXev) Z; NRo (RatjXcn)
(R2/ 2 R, Ry N2 Z; Ry

This, noting that 1/(a//b) =(1/a) + (1/b), can be rearranged as follows:

R, (Ri+jXev) NRy 1 (Ra+ jXcn)
— _ + S (1.3.3)
Z1 R1 Zi N Rh

Now notice that as f— oo, both X¢y and Xcn vanish, in which case the expression degenerates
into the balance condition for a conventional RVS bridge. Observe also that the finite values of Cy
and C, are a matter of free choice; i.e., we do not have to impose the maximal flatness condition,
and the amount of response-shaping can be arbitrary within the constraints imposed by the circuit
topology. The corollary is that the the frequency tracking of the boost networks, although essential
for balance tracking, must also be accomplished regardless of balance considerations. It follows
that we must impose the condition:

(Ri+jXe) /Ri=(Ri+jXcn) / Ra
so that both boost networks have the same frequency response. Hence.:
Xev/ Ri=Xen/ Ry,

which corresponds to a fixed capacitance ratio:
Cv/ Ch= Rh/ R1 1.3.4

This condition implies that when V,'=Vj', then V, =YV, , which means that the overall form of
the balance condition for the maximally flat bridge is the same as for the RV'S bridge at all
frequencies, i.e., substituting (1.3.4) into (1.3.3):

RZ NRo 1
1= +— (1.3.5)
Z, Z; N

Now expanding the admittances 1/Z; and 1/ Z; we get:

R, R, NRy NRy N R, 1
+— 4] = + + — + — (1.3.6)
iXey R+ jXev R; iXwi R+ jXcn N

Every complex expression can be arranged so that it has terms that are purely real and terms that are
purely imaginary. When that is done, it can be treated as two separate equalities: that between the
reals; and that between the imaginaries. Terms with a complex denominator can be separated by
multiplying numerator and denominator by the complex-conjugate of the denominator. Thus
equation (1.3.6) can be re-written:



R, R (R - jXev) NRoe NRy N Ro(Ru-jXcn) 1
+ +1 = + + + —
JXey R+ X R JXwi Ry* + Xcn? N

and the real part is:

RiR, N Ro N RnRy 1
— +1 = + t—
Ry + X Rj Ry? + Xcn® N

We can make a further distinction by noting that the expression above has terms that are frequency-
dependent and terms that are frequency-independent. It can only be true at all frequencies if the
sum of the frequency-independent terms on the left hand side is equal to the sum of the frequency-
independent terms on the right hand side (and the same applies to the frequency-dependent terms).
Hence we can deduce the requirement:

(NRO/Rjk)+1/N:1

Le.:
Rjk=R0N2/(N-1 ) 13.7

In fact, the reason why Ry was put into the model was so that this equality could be obtained. The
only solution for Rjx— oo occurs when N =1 ; i.e., by inspection of (1.3.6), when the 1/ N term
on the right-hand side cancels the 1 on the left-hand side.

Using (1.3.7) in (1.3.6), the balance condition now simplifies to:
R, R, N Ry N Ry

+ = + (1.3.8)
JiXwv R+ jXcv iXwi Ru+ jXcn

This relationship must remain true in the limit of infinite frequency; i.e., when X;— o and
Xc— 0, hence:

R/ Ri=NRy/ Ry (1.3.9)

It can also be seen, by inspection of (1.3.8), that a frequency independent solution exists only when:
R,/ Ly=NRy/L;

ie.,

Ly/Li=Ry/(NRy)

and only when:

(Ri+jXcv) /Ry=/(Rat jXcn)/ (N Ry)

But we already know from (1.3.9) that Ry/ R, =Rs/ (N Ry). Hence:
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XCV/RZZXCh/(NRo)
Le.
Ch/Cv:Rz/(NRo)

Hence, collecting the various relationships:

. (1.3.10)

A further important balance relationship comes from equation (1.3.6) in the limit where X — oo
and X¢c—0:

R, 1 1 1
— +1=NRy | —+— | + — (1.3.11)
R Ry Ry N

Now let us define a resistance Rix to represent the parallel combination of Ry, and Ry i.e.:
Rik = ( Rh// Rjk)

Substituting this into (1.3.11) and subtracting 1 from each side gives:gives:

R, NR, 1
= + — -1 Transformer constant (1.3.12)
R, Rix N

This is the principal voltage-sampling ratio or 'transformer constant'. It appears explicitly in the
analysis of the conventional RVS bridge, in which the boost capacitors are shorted-out and the
secondary load (including core losses) has degenerated into a single resistance. It will be required
in section 3, where we will use the simplified RVS model as a basis for the high-frequency analysis.
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1.4 Low-frequency drop-off

Equations (1.3.7) and (1.3.10) tell us how to determine component values in the event of arbitrary
choices of (say) N, R, , Ry and Li ; but merely having the ability to balance the bridge does not
constitute a proper design procedure. We now need to specify the permissible degree of detector
sensitivity drop-off at the lowest frequency of operation, and use it to determine the required
amount of transformer secondary inductance. To that end, we can start by defining a low-frequency
drop-off factor (i.e., the relative magnitude response):

Sensitivity at frequency f

Nr =
Sensitivity at high frequencies

For the purposes of this comparison, sensitivity is defined as the magnitude of the detector port
output when everything except frequency is held constant. Recall also that:

|Vdet| = |VV' - Vi'l
Hence:

| Vi'o - Vi |
Nt =

| V') - Vi) |

But the voltage and current sampling networks have the same frequency response. Therefore, for a
given degree of mismatch at the load port, V,' will remain in constant proportion to V;' regardless
of frequency. This means that we can evoke a complex constant, g say, (where g is a function of
7)) that allows is to write the magnitude response by reference either to the current-sampling
network output, or to the voltage-sampling network output, but without the need for both. This
assertion can be proved by examining equation (1.3.1) and noting that the point in establishing the
balance condition is to arrange matters so that:

V=V {ZRy/[N(RatjXcn)]}/Ro
and
Vi=V{ZRy/[N(RytjXcn)]}/Z
so that when Z— Ry, V,'-V/'=0
Hence if we define:

g=Roy/Z

we get:

| g Vin - Vio | | Vig | | Vig |
- - (1.4.1)
| g Vit - Vi | | Vi'eo) | | Vie) |

Nr
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The reciprocal of the relative magnitude of the current-sampling network output was given earlier
as equation (1.1.4). Identifying V' as Vi'y, this becomes:

+ + + (1.4.2)

\% N |Z| Ry 2 X Xcn® 2Xcn Ry?
+1 +
Xui? Ry Xui Xui?

Vi'g Ry R;

where the frequency dependence becomes explicit upon expansion of the reactances. If we apply
the condition for maximal flatness (equation 1.1.6), i.e.:

Xen=-Rn? /2 Xui

then the last two terms of (1.4.2) vanish and we get:

\% N |Z| Ry 2 Xa? Xen?
= +1 + + (1.4.3)

i'® Ry R; Xui® Ry

And if we let f— oo, sothat X,— o and Xc— 0, we get:

\% N |Z| Rs 2
Vie) Ra R;

This can be simplified by taking the (positive) square-root of the square and noting that

(Rh+ Rjk)/RhRjk: 1 /(Rh// Rjk)
Thus:
\% N |Z|

= (1.4.4)
Vi'(oo) Ru// Rjx

This, of course, is an expression for the relative output of an ideal current-transformer (infinite
secondary reactance), where Rn// Ry is the secondary load resistance. Now, to obtain an
expression for the drop-oft factor (1.4.1) (and noting that we are dealing with reciprocal transfer
functions), we divide equation (1.4.4) by equation (1.4.3).

Ry Ry 2 Xar X
= ——— / — 1| — (1.4.5)
Rh // Rjk Rj ><Li2 I{jk2

This tells us that the load impedance Z makes no difference to the frequency response. The turns
ratio of the current transformer (N) does make a difference however, even though it does not appear
explicitly; firstly, because the number of secondary turns ( Ny) dictates L; once the transformer core
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has been selected; and secondly, because N determines Ry according to equation (1.3.7).
Rjx=RoN?/(N-1)
Notice also that:
1 + Ru/ Rxk=Ru/ (Ru// Rix)
sothat nf— 1 as f— 0.
What we require for design purposes however, is to be able to specify a drop-off factor and find the
frequency at which it occurs. This will enable us to adjust the circuit parameters (particularly L;)
until the specified maximum drop-off is achieved at or below the minimum required working

frequency. This entails solving (1.4.5) for f, with n¢ as an independent (input) variable. We start
by squaring (1.4.5) and taking the reciprocal:

— =1+ +
Tlf2 X Rjk2

1 Xen? Xen? / Ra 2

Ru// Ry

It will simplify matters from now on if we use the substitution:
Rik = ( Rh// Rjk)

Where Ri (introduced earlier) represents the total resistive load on the transformer in the high
frequency limit. Thus:

Tlf2 Ry? Xii® Rjk2

The number of variables can also be reduced by using the maximal flatness condition (1.1.6) as a
substitution, i.e.:

Xen =- Ry? /2 Xy

Thus:

1 Ry 2 Ry 2] R
- 1 = + -
T]f2 2X12 2 Xy Rjk

This can be put into standard form:
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R,2 R,2 1 1
+ Sl —- = 0

4XLi4 4X2 Rjk2 Tlf2 Ri?

which shows that it is a quadratic equation in ( 1/ Xy;)*. In this case, the process of solving it will
be assisted by multiplying throughout by 4/ Ry? :

1 1 4 1
+ ; — 1] =0
XLi4 X Rjk2 Ry? R Tlf2

Hence a=1, b=1/Ry? and c=-[4/ (R RaZ)][(1/MmF)-1]
and the solution is:
(1/ X )2 =[-b+V(b*-4ac)]/2a

1.e.:

1 -1 1 16 1
— = + + -1
Xu®  2Rpd Ry* Ry’ RaZ \ n¢

This has two solutions; but 1/ Xy is positive, and the only way in which a positive right-hand
side can be obtained is by taking the positive square root. Hence (also multiplying Y5 into the
square-root bracket):

1 -1 1 4 1
= —— + + — -1
Xii? 2Rjk2 4Rjk4 Ry? R 1”|f2

Now let us identify

XLi = 27Cfn Li

where f,, is the lower frequency limit at which the output has diminished by a factor of ny. Hence:

-1 1 4 1
=1 / 2n L; + + —-1 (1.4.6)
2Ry 4Ryt Re2Ra2 \ n?

The equation above tells us that the lower frequency limit is inversely proportional to the
transformer secondary inductance.
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Now, recalling that Ry = ( Rn// Rjx) , notice that when Rx— oo, Ri— Ry. In that limit, equation
(1.4.6) reduces to:

Rn
f, =
V) L[ (Im2) -1 ]

(1.4.7)

This expression is still a fair approximation to f, because it is intended that Ry should be relatively
large. More importantly however, it brings out the major influences, which are that f, can be
reduced either by increasing L; or by reducing Ry .

Given that Ry is finite however, equation (1.4.6) falls into its most convenient form when we

forcibly remove the factor 1/(4Ry*) from the second square-root bracket, and then remove the
factor 1/(2Ry? ) from the first square root bracket. This operation (noting that 22 =12) gives:

16 Ry [ (1) - 1]
f,= Ry / (\2)n L; 1+ ( 1+ (1.4.8)
ha I{ik2

where:
Rik = ( Rh// Rjk)
and (from equation 1.3.7):

Rjk:RoNz/(N-l)
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1.5 [Evaluating candidate transformers
The secondary inductance of the current transformer is derived from the number of turns according
to the expression:

Li = AL st

where Ay, is the inductance factor of the core (either taken from the manufacturer's data sheet or
preferably measured), and N; is the number of secondary turns. Also, from equation (1.3.7), we
have:

Rjk = }{()I\I2 / ( N-l )

We can use these substitutions in (1.4.8) to obtain an expression that can be used to determine the

number of turns that must be wound on a given transformer core in order to achieve a desired low-
frequency limit. For a transformer with a 1-turn primary, where Ny,=N, we get:

16 Ry N8 [ (1/m2)-1]
f, = Ro/ (N2)m AL(N-1) -1+ ( 1+ (1.5.1)
(N-1)* R;2 Ry

If the transformer has more than one turn in the primary, f; is multiplied by a factor:

N2/ NZ&=(1/Ny)?

This might make it look as though adding more turns to the primary is beneficial, but in fact,
increasing N, reduces N and causes f;, to increase slightly overall. Hence there is probably no
advantage in using a multi-turn primary unless very high sensitivity (very low N) is required. (For
more discussion of multi-turn primaries see section 1.10).

Equation (1.5.1) can be made more tractable for calculation purposes by using the identity:

Rik = ( Rh// Rjk)

1.e., if we adopt Rix (the total resistive load on the current-transformer) as a principal design
parameter, we can eliminate Ry using:

1/Ra=(1/Ri)-(1/Ri)

Substituting for Rk using (1.3.7) we get:
1/Ra=(1/Ri)-[ (N-1)/(RoN?)]

which can be put on a common denominator:
1/Rn=[RoN?-(N-1) R ] / (RxRoN?)

Using this substitution in (1.5.1) gives:
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16 R N* [RgN? - (N-DRw 2 [(1mA) - 1]
f, = Rg/(\/Z)nAL(N-l) 1+ ( 1+ )
(N-1)* Ry*

which can be rearranged to give:

[(IMA)-1]16N*Re? [ N2R, 2
f, = Ro/(\/Z)nAL(N-l) {-1 + 1+ ( -1 ) }
(N-1)* Ra2 (N-1) Ri

Noting the recursive nature of the last term in the inner square-root bracket, this expression can be
put into a form suitable for two-step calculation. First we define, say:

U=N*Ry/[(N-)Rx] (1.5.3)
= Rjx/ Ri
=1+ Rk /Ry
Then:
Ro
fh= (1.5.2)

(2 AL(N-D)V{ -1 +N[1+[(1MmA)-1]16 U2 (U-1)2] }
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1.6 Quadrature point

Since the maximally-flat voltage and current sampling networks are second-order high-pass filters,
their outputs at frequencies below the working range can be phase-shifted (relative to the generator)
by more than +90°. Hence, at frequencies below the point at which +90° quadrature occurs, any
phase analysis carried out will require that 180° is added to the result returned by an inverse-tangent
function-call.

For the special case when Rjx— o, the quadrature point coincides with the lower -3 dB point.
This is easy to demonstrate by noting that the relative voltage output of a network at the -3 dB point
is /N2 . When ns=1A~2, (I/m?) - 1= 1. Putting this into equation (1.4.7), and allocating the
symbol fi to the phase-crossover frequency, we get:

fo=Ru/ { 2\2)n L; }

where, from equation (1.1.5);

Rin=V(2 Li/ Cp)

Hence:

fo=1/[2n V(LiCy) ]

For the general case when Ry is finite, the quadrature-point frequency can be determined from the

reciprocal current-transformer response function:

given earlier

Sl S as (1.1.3)

\A Ra R; X

V N Z Rh XCh ( XCh Rh )
Rj XLi

The phase angle ¢ (say) of a phasor in the form a+jb is given by Tanep =b/a. Here however, we
have the reciprocal of a relative voltage, i.e. a phasor in the form:

1/(a+jb)=(a-jb)/(a>+b?)

Hence the phase tangent in this case is given by: Tang = -b/a. Notice also that (1.1.3) is not quite
in the a+jb form because the main load impedance Z is complex. Since the tangent is a ratio
however, Z is cancelled-out; which tells us that the network phase response (as distinct from the
actual phase of the output) is not affected by the load. Thus the phase response is given by:

Tanp= [ — - — —+1+

Rh XCh / Rh XCh
Xui R; R; Xui

The quadrature point occurs when Tang — oo, i.e., when the denominator of the expression above
goes to zero. Hence, at the quadrature point:
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Ry Xcn B
- +1+ =0 Where XLi = 27'Cfx Li

R < and  Xen = -1/( 2nf, Cy)

Hence, expanding the reactances and rearranging:
fo=1/{2n V[ LiCa( 1 + Ra/Rix) 1} 1.6.1

and the phase angle can be calculated using:

R Xcn Ry Xcn
¢ = Arctan _ - — — +1+ +n x 180
XLi Rj Rj XLi

Where n=0 when f>f;, and n=1 when f< f.

[degrees]
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1.7 Preliminary design calculations

Shown below is a snapshot of a spreadsheet calculation ( maxflat_prelim.ods ). This determines
the number of turns that must be wound on a transformer core having an Ay, of 67 nH/turn* in order
to meet various low-frequency drop-off criteria (a single-turn primary winding is assumed). The A,
value was selected on the basis that the Amidon® FT50-61 core has a published A, of

68.8 nH/turn?, but small toroidal transformers typically have a leakage inductance of about 1% to
2%:; so the coupled secondary inductance of the transformer will be about 0.98 of the total
inductance. Since the published Ay, has a tolerance of £25%, there is no point in resorting to
decimal places. It is, of course, best to give Ar as 0.98 of an actual measurement, but the published
value has to suffice until the experimental work begins.

The only other input parameters required for the part of the calculation shown are the bridge
target load resistance (Ro = 50 €, as usual), and the total resistive secondary load (Rik ) for which
50 Q is also a reasonable starting value.

The calculation tells us that for cores in the middle of the tolerance range, and assuming a
working frequency range of 1.6 MHz and above; the LF drop-off can be kept within 1% by using a
12-turn transformer (with a small downward adjustment of Ry ), or within 2% by using an 11-turn
transformer, or within 5% by using a 10-turn transformer.

Notice incidentally, that the -3 dB frequency is slightly different from the quadrature frequency
(fx) due to the finite value of Rk .

Input parameters: Ry=150 Q Rik =50 Q AL =67 nH / turn®
g 0.99 0.35 0.95 -3dB
(LimA-1 0.02 0.04 0.11 1
N L U fy fr fr, fr i Rik =™
£ pH fMHz S MHz f MHz fMHz SMHz SO F o ! pF

4 1072 533 1602293 13271581 1032582 5854587 582329 ZBEEY B1.54 5BEE.14
5 1675 B.25 9597310 828511 646792 367935 566533 31250 5552 94550
B 24120 7200 BYY2 ABESR4Y 4422671 ZEAM07 2514020 350.000 &B5.08  1430.82
J3.283 87 452ME 410322 32129 1.83356 1.82965 40833 &b.S95 202255
8 4288 9.4 3750 311133 243782 159284 1.39051 45714 ab.14) 27E1.04
5 5427 1015 252095 2439940 191297 109365 1.09219 80825 &5.48 3526.35
10 B.700011.11) 235058 1.96445 1.54085 088133 083040 55556 5495 443562
11 80712100 193236 161557 1.26761 072535 072468 BO5.00 5450 5457590
12 96431308 161661 135198 1.06103 060735 0.BOSGY B54.55 5414 BSE4.24
13 11,323/ 1408 1.37233 114801 090119 051594 051559 70417 5382 781767
14 13.132|15.08 117953 0593695 0774858 044371 044345 75385 5355 915822
15 158075 16.07 1.02451 0.85755 067333 038585 033545 80357 5332 10805.54
16 171521 17.07 089860 075203 0.59059 033827 033812 85333 5311 12160.71

6  http://www.amidoncorp.com/
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Formulae used (see open document spreadsheet file maxflat_prelim.ods ) Equation
Li=ALN?

U=N?Ry/[ (N-1) Ri] 1.5.3
f,=Ro/[ (V2)m AL(N-D) N{ -1 +\[ 1+ [ (I/nP) - 1116 U2 (U-1)2]} ] 1.5.2
Ry = Ry N? / (N-1) 1.3.7
R = RjkRik/ ( Rjx- Rix)

Ch=2Li/Ry? 1.1.5

fo=1/{2n V[ LiCa(1 + Ra/Ri) 1} 1.6.1
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1.8 Losses in the current-sampling network

It was mentioned earlier, that the resistance Ry directly in parallel with the current-transformer
secondary winding was given a double subscript because it is a combination of resistive losses in
the transformer core ( Rx) and an actual resistor to make up the difference ( R;); i.e.:

Rjk = RJ// Rk

This means that we need to make an estimate for Ry in order to determine R;.
In a separate article’, a formula relating the transformer parallel loss-resistance to the transfer
efficiency factor was given as:

Rk:k'Ri/(l-k')

where R; is the load on the transformer during the efficiency measurement, and k' is the factor by
which the output voltage falls short of that of an ideal transformer. It was found that for
transformers wound on type FT50-61 toroids, with 8 to 12 turns on the secondary and a 1-turn
primary, k' was about 0.965+0.01 at 30 MHz when R; was 50 Q.

For the purpose of designing ordinary transmission bridges, it is sufficient to assume that k'
does not depend on frequency and adopt a value equivalent to the worst case. For the maximally-
flat bridge however, R is a low-frequency balance-tracking parameter (albeit a minor one) and so
we need to adopt a k' value that is appropriate for the region in which the high-pass network does
its work. This, presuming that we are designing with the HF spectrum in mind, is somewhere in the
region from 2 MHz to 4 MHz.

Shown below is the graph of complex permeability for type 61 ferrite:

Type 61 Ferrite: Initial Permeability & Loss Factor vs. Frequency

1000 ——-1 cem—— -y rrr e aas! == 1072
e — —
— 1 —
R e H : 1
b o e e A
' t = 1T | | 1T
: ' ! il --"‘""\{ |
100; e : £ 10°
.- ! ffr’
!
B | N | tan ¢
tan ¢ ; al
| A |
10 10+
__.--"-"""'-‘F
1 i 105
10° 10¢ 107 10° 10°
Frequency / Hz

7 Current transformer efficiency factor (DWK)
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From the graph we can see that the material is entering a dispersion region on moving upwards
through the HF spectrum; which means that we can expect greater efficiency at 3 MHz than at

30 MHz. It is extremely difficult to convert this information into an accurate value for k', but an
educated guess that will not be far from the mark says that k' at 3 MHz will be somewhere between
0.98 and 0.99. It is reasonable therefore to model the maximally-flat bridge on the basis that
k'=0.985+0.005, an assumption that has the virtue of placing the upper edge of the 99.7%
confidence interval at 1. Taking k'= 0.985 +£0.005, we get:

Ri=50k'/(1-k'")=3283 (+1667,-833) Q
or, taking the average of the asymmetric uncertainty:
Rk =3283 £1250 Q

This estimate is, of course, crude; but there are various reasons for supposing that the uncertainty
will not matter. Firstly, in the spreadsheet calculation discussed above, it was found that there was
very little difference between the -3 dB point and the phase crossover frequency. This means that
Rjk has only a small effect on the frequency response. Secondly, Ry is a lot larger than the various
calculated values for Ry (600 Q to 800 Q for viable designs); which means that R; will be only a
little greater than Rjc. The overall uncertainty of an asymmetric parallel combination is weighted
towards the uncertainty in the lowest-value component. Hence, it appears doubtful that there will
be any need to adjust R; on test. For those who have the facility to measure the impedance of the
secondary winding in the 1.6 MHz to 4 MHz region moreover; it is possible to obtain a fair estimate
for Ry directly and so refine the value for R;.

Although the estimation procedure given above is rough, it nevertheless allows us to split the
transformer load into its three resistive components Rn, R; and Rk. This puts a value on the
resistor Rj; and also, if we care to specify the maximum power to be transmitted through the
bridge, allows us to calculate the resistor power ratings.

When calculating resistive losses, it is sensible to do so in the worst case. This occurs when all
of the reactances have vanished from the system, i.e., in the high-frequency limit of the prototype
model when X i— o0 and Xcn— 0. We will start by allocating the symbol Py to the maximum
transmitted power; i.e., Py is the power dissipated in the main load resistance Ry when the
generator is operating at the design maximum output level and the load is purely resistive. We
obtain the voltage appearing across Ry thus:

V= \/( P()Ro)

It is often convenient to adopt Py =100 W, firstly because this is a reasonable design criterion for
high-sensitivity transmission bridges, and secondly, because all of the power losses calculated from
it are then in %. When Py=100 W and Ry=50Q, V=70.7 V RMS.

From equation (1.1.1), the voltage across the current transformer secondary winding when all
reactances have disappeared is:

Vi:VRik/(NRo)
Hence the maximum power dissipated in (say) Ry is:

Ph = Viz / Rh
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1.e.:
Prn=PoRu?/ (N?Rg Ry )
and so on.

On the basis of the discussion above, the spreadsheet calculation can be extended as follows:

Additional input parameters: k'(orRx) , Py

Formulae: See maxflat_prelim.ods for actual implementation
Re=50k'/(1-k") Nominal core loss resistance.

Rj =Rk Rjk/ (Rk- Rjx) Secondary direct shunt resistance

Px=PoRu2/ (N? Ry Ry) Nominal core loss

Pi=PoRa?/(N>RyR;) Power in R;

Py =PoRi?/ (N2> Ry Ry) Power in Ry,

Pik = Pn + P; + Pk Total power in current sampling network.
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1.9 Trial voltage-sampling networks

The voltage-sampling network parameters are essentially scaled versions of the current-network
parameters, but there is a compromise involved in the choice of the scaling ratio. The problem is
that if we make the upper voltage-sampling resistance R, too small, the power dissipation in the
network will be excessive; but if we make it too large, the compensation inductance L, will
become impractically large and the stray capacitance across R, will make a significant contribution
to the upper arm impedance.

When all of the reactances in the system disappear, the voltage across the voltage-sampling network
is:

V'=V+Vi=V][1+Ri/(R¢N?) ]

but

V=7(PyRy)

hence

V'=[1+Ra/ (RoN?) ] V( PyRy)

The voltage across R; is:
V:=V'R;/(Ri+Ry)

1.e.,

Va=[1+Ra/(RoN?) J[V(PoRy) ] R/ (Ri+Ry)
The power in R, is:

P,=V/R,

1.e.,

P,=PoRo[ I + R/ (RoN?) P R;/ (Ri1+ R;)?
Similarly:

Pi=PoRo[ I + R/ (RoN?) P Ry/ (R1+ R;)?

Thus the calculations can be extended to evaluate voltage-sampling networks:
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Additional input parameter: R, Equation
Formulae: (See maxflat_brgd.ods , sheet 1, for implementation).

Ri=RusR:2/(NRy) 1.3.10
Pi=PoRo[ 1 + Rix/ (ReN?) * Ry/ (Ri+ Ry)?

P,=PoRo[ 1 + R/ (ReN?) * R2/ (Ri+ Ry)?

Pi2=P;+ P,
Lv:LiRl/Rh 1.3.10
C,=CuRu/ Ry 1.3.10

In the spreadsheet maxflat_brgd.ods, the row for N = 12 has been singled out for special attention.
The value of Rix has been adjusted to make Ry= 50 Q for that case. The A value has also been
reduced to make the 1% drop-off point occur at 1.6 MHz; producing the information that the < 1%
LF drop-off criterion can be met by using a core with A, > 63 nH .

It was found that, with R,=2.2 k), the maximum power dissipated in the voltage sampling
network will be about 2% of the transmitted power. The corresponding value for L, is 33 uH. This
is a large inductance, but the drawback is not so great as in the case of the current transformer. The
point is that a large transformer propagation-delay (which manifests itself as self-capacitance)
requires invasive neutralisation arrangements; whereas the parallel capacitance of the lower
voltage-sampling network can be balanced-out by placing capacitance across the upper voltage-
sampling arm. Indeed, there will be situations in which it will be necessary to place additional
capacitance across the lower network in order to offset the strays across the upper network (see
section 3).

As shown in the spreadsheet, if the magnetic core used for the voltage sampling network
inductor is identical to the one used in the current transformer, then the required inductance can be
obtained using 23 turns. In practice, the A, values of the two cores will not be exactly the same,
and it might be necessary to adjust the turns number accordingly. It is also necessary to adjust the
inductance fairly exactly in order to obtain perfect frequency-response tracking; for which reason it
is advisable to use about 1 turn less than the nearest integer value and place a small adjustable coil
in series to make-up the difference.

Note that, even if the two magnetic cores are not nominally identical, it is still advisable to use
the same material in both. The reason is that magnetic materials, particularly ferrites of reasonably
high permeability, have a large temperature coefficient of permeability. This translates into a large
temperature coefficient of inductance; but if the two cores have the same proportionate temperature
coefficient, which they will if the material is the same in both, then the frequency tracking will hold
as the temperature varies above and below its value at the time of calibration. A series adjustment
coil, incidentally, will not make much difference to the temperature tracking as long as its
inductance is a small part of the total.
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1.10 Multi-turn primaries

As was mentioned during the derivation of equation (1.5.1), the expression for the drop-off criterion
f, must be multiplied by 1/N,? if the current-transformer has more than one turn on the primary.
In that case also, the secondary inductance is given by:

Li = AL Ns2
and
N=N,/N,

For the sake of generality, the ability to evaluate bridges that have an arbitrary number of primary
turns has been included in the spreadsheet maxflat_mtpri.ods. Note that a bridge with a multi-turn
primary will have a high insertion impedance and must either have a very large L, or dissipate a
large percentage of the transmitted power in the voltage sampling network. Such bridges however,
have high detector sensitivity and so can be used with low-power generators.

Additional input parameter: N, Equation

Formulae: (See maxflat mtpri.ods for implementation).

N=N,/N,
Li = ALN52
U=N2Ry/[ (N-1) Ri] 1.5.3

f,=Ro/ [ (V2)m ALN,2 (N-1) V{ -1 + V[ 1 + [(I/m@)-1] 16 U2 (U-1)2] } ] (1.5.2) / N2
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1.11 Overboost

The detector amplitude vs. frequency response for the maximally-flat bridge can be plotted using
equation (1.4.5). It is rather more interesting however, to plot a version of the response function in
which C, is allowed to vary independently. This allows us to explore the effect of component
tolerances, and to see whether there is any advantage in deviating from the exact maximally-flat
condition.

The required response function is given by dividing equation (1.4.4) by equation (1.4.2):

Xeww  Xaw®  2Xen  R#?

Nr= (1+Rh/Rjk) / A\/ (1+Rh/Rjk)2+ + + + (1.11.1)
X Rj? Xvi Xui®

This function is shown plotted below for a candidate bridge that has been adjusted to have its 1%
drop-off point at 1.6 MHz when the maximally-flat condition is imposed
(see: maxflat_brgd.ods , sheet 2).

(' Ch = 6.12F {overboost)

+1 %
1.0
-1%
o4 Cho= 7.220H (maximalky-flat)
Ty
— Ch —»w (ND boost)
ns
-3cB
0y
Effect of varying the boost capacitance.
0eE
Fn=250L]
Fi =655 102
Li=59.03 pH

Frequency / MHz
0 1 2 3 4 5 B 7 8
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The graph shows that when the boost capacitance is reduced below the value required for maximal
flatness, an overboost occurs. Specifically, for the case examined, reducing C, by 15% moves the
-1% point to 1.1 MHz, and gives a response of +1% at 1.7 MHz. Broadly, this tells us that there is
considerable latitude in the choice of Cy, and it is best to err on the low side. Whatever the choice
of C, however, Cy must always be kept in the correct proportion to it in order to maintain the

frequency-independence of the balance condition.

In the graph below, a small amount of overboost has allowed the drop-oft to be kept within 0.5% at
1.6 MHz. This particular adjustment has also kept the maximum boost (which occurs in the region
of 3 MHz) to about 0.15 % (see: maxflat _brgd.ods , sheet 3)

1.010
] _ Fnh =502
Effect of varying the boost capacitance. Rik = 655 0
Li = 9.03 pH
1,005 +0.5%
My
(,Dvernuust, Ch = 6.90 nF
1.000 Y IEEERENNENANNEnnn .
0995 ~0.5%
.-" no boost
N
0950 | Frequency / MHz
1 2 3 4 5 6 7

It is evident that, by judicious adjustment of circuit parameters, it would be possible to create
networks that are flat within £0.1% over many octaves.
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2 SPICE simulations

a) Individual sampling networks

The circuit file maxflat v_i.asc is used to simulate the voltages appearing on the voltage and
current sampling networks. It can be opened using the free simulator LTspice®. The schematic is
shown below. The circuit is not wired as a bridge because the intention in this case is to plot the
voltages separately.

Lii
v T 08y
= 62.7n
ac lin 200 .5meg 5meq K Lii Li 1
SINE(D 13) 2 Li §F“}
- o 5{"
2200 Vi N
9.020p
Rjk v
Cy "y
Vv I —w_> cp 65455
1.97n f—
7.224n
%Lv R1 Rh
=2l 183.33 ' AvAY
50
~ ~ vi >

Cursar ]

Freq: |1.60204kHz tag: |-36.0601mdB
Phasze: |31.5873

Group Delay: |58.7292ns

0.bMHz 1.0MHz 1.5WMHz 2.0MHz 2.5WHz 3.0MHz 3.5WHz 4.0MHz 4.5WHz 5.0MHz

The simulation confirms the theory developed in the preceding sections. With the through-line
terminated in the target load resistance Ry, Vy is identical to V;, and the two outputs V,' and V;' are
identical (an underscore is used instead of a prime because apostrophes are not allowed in netlists).
The cursor is shown placed on the curve for V;' at 1.6 MHz. The dB reading (obtained by dividing
the mdB value by 1000) can be converted into relative output thus:

8 http://www.linear.com/designtools/software/
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10-008606/20) — () 9g [volts per volt]

Note that there is a hump in V, (and V;) due to the falling reactance of the boost capacitor as the
frequency is reduced.

b) Bridge-connected sampling networks

The circuit file maxflat_brg.asc has the sampling networks connected in series opposition (i.e., as a
bridge). This configuration gives no output when the through-line is terminated in its target load
resistance (50 Q2), and so the frequency response simulation is carried out with a mismatched load.
The load value of 24.838693 Q) shown in the schematic below has no significance except that it
gives a detector output of 0 dB at 30 MHz. This gives an easy confirmation of the point proved in
section 1.4; which is that the line terminating impedance makes no difference to the relative
frequency responses of the individual sampling networks, and hence makes no difference to the
relative frequency response of the output obtained from the detector port.

Lii

* N,
62.Tn
R K Lii Li 1 o
g
v_ 200 m §24.333&93
G i
= — Rk <

SINE(D 13.6) AN
|
Cv Ch =
7 Vv — —
1.97n 7.224n
L1.|' Rh
33406 | r\g/;‘f
R4 "
183.33

ac lin 1000 1.5meg 5.5meqg

The frequency response shown in the graph below is proportionately identical (i.e., identical in
overall shape) to that of the individual sampling networks. Changing the main load value (R)
changes the output level, but not the shape of the response curve.
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V[vdet]

0.5MH=z 1.5MHz 2.5MHz 3.5MHz 4.5MHz
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3. High-frequency RVS model

To make a bridge that will balance correctly over the entire 4'4-octave short-wave spectrum, it is
always necessary to include some kind of high-frequency compensation. In particular; we must do
something about the effective secondary parallel capacitance of the current-transformer, and we
must take the parasitic capacitances of the upper and lower voltage-sampling arms into account. All
of these capacitances will have a significant effect at high frequencies and so must be put into the
model; but the analytical problem can be simplified by noting that they are all of the order of a few
pF. It follows that any low-frequency response-tailoring scheme (involving capacitances of several
nF) will only be affected at about the 0.1% level by such tiny capacitances. Hence we can devise
our HF neutralisation arrangements by reference to the conventional resistive voltage-sampling
(RVS) bridge; i.e., we can short-out any boost capacitors and forget them during this part of the
analysis.

Shown below is an equivalent circuit for the RVS bridge with parasitic capacitances included. The
presence of a Faraday-shield is implied by the absence of a stray capacitance from the through-line
to the detector port. The circuit includes a neutralising capacitor C, placed in parallel with the load
resistance. This capacitor should be considered to represent a generic current-transformer HF
phase-neutralisation scheme; i.e., neutralisation can be accomplished in various ways’ but, in terms
of their effect on the balance condition, all such techniques are equivalent to the inclusion of C,.

R C i
2 I ’ _ll— ZDn

ol

RVS bridge with parasitic capacitances and neutralising capacitor (Cn).

C, is included in advance of any analysis because it is obvious by inspection that there can be no
frequency-independent solutions for the balance condition in the absence of a neutralisation
network. This point can be understood by considering the four principal impedances shown in grey
boxes. These, subject to transformation in the case of the primary load impedance, are analogous to
the four impedance-arms of a Wheatstone-Christie bridge. The voltage-sampling network consists
of an RLC network and an RC network. The current-transformer is an RLC network, and so the
primary load must behave as an RC network if all of the frequency factors are to drop-out of the
balance relationships.

9 Evaluation and optimisation of current transformer bridges (DWK), section 18.
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In order to find the balance conditions, we can use much the same procedure as was employed in
section 1.3. This involves writing expressions for V; and V, (both derived from the same reference
voltage, V ) and equating them when the through-line is terminated in the target load resistance Ry .
The resulting expression is then rearranged to get all of the parallel impedances into reciprocal
form, so that each can be expanded into a series of admittances.

In this case, our generic neutralisation method places a capacitance (actual or virtual) in parallel
with the load, so that the total load impedance at balance is complex, i.e.:

Zo = Ry// jXcn
Hence, by the ampere-turns rule and because 1=V / Z,y,, the output of the current transformer is:
Vi=VZ/(ZnN)
where
Z; = Ry /! jXvui/l jXai
The output of the voltage-sampling potential-divider is:
Vo=V'Z/( 1+ 1)
=V'(Z:/ 12) ] Ly
where
V'=V+V;i=V[1+Z/(ZonnN*)]
Z, =R/ X/l jXe
and
Z,=R:// X2
To balance the bridge, we set V, = V; and cancel V. Thus, in compact form:
[1+Zi/(ZoaN?) 1 (Zs// Zy) | Ly ="1i/ ( ZouN)
Now, taking the reciprocal, and moving [ 1+Z;/( Zox N* )] to the right-hand side:
2,/ (s L) = 1+Zi/(Zon N*)](ZonN)/ Z;
Multiplying-out the right-hand side gives:
2,/ (Zy/|Ly)=(ZnN/Zi)+ 1/N

Expanding 1 / (Z1// Z,) and 1/Z; gives:
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1 1 1 1 1 1
Zz — + — =N Z0n — + + +
M 7, Rik IXu  jXci N

Multiplying Z, into the bracket gives the left hand side as (Z,/ Z;) + 1 . Then subtracting 1 from
both sides gives:

7, 1 1 1 1
—=NZp | —+—+ — | +— -1
7, Rik jXu jXa N

We now need to expand Z; and Z,. This is best accomplished by moving Z, to the right-hand side,
where it becomes an admittance. Also a certain proliferation of brackets is prevented by
multiplying N Z,, into the bracket on the right-hand side before we do so:

1 1 [NZow NZuw NZy 1
— = + + + — -1
Z. Z,| Ri jXLi jXa N

Expanding Z; and Z, gives:

1 1 1 1 1 NZpw NZpw NZp 1
—_—t —F — = —+ — + - +—-1
Ri  jXuw  jXa R;  jXe Ri iXui iXa N

And multiplying-out the brackets [noting that (1/N)-1=-(N-1)/N and that j>=-1]:

1 1 1 NZy NZpn N Zy, N-1 N Zon N Z0n N Zon N-1
— + = + + - + - - -
Ri jXww jXa RikR: jXuiR: jXciR: NR; jXaRik XuXe XaXe N X

The full expansion requires the substitution Zg, = Ro// jXca. This is best accomplished by moving
all of the terms with Zy, as a factor to one side of the equation, then dividing both sides by 1/ Zgx.
Thus (also recalling that X X¢=-L/C):

1 1 1 N-1 N-1 1 1
—+ + + + -+ —
R jXin jXa NR; NXea Ry jXcn

N N N N NG, N

RikR:  jXuiR: jXciR:  jXe2Ri L Xei Xe2

Multiplying-out the left-hand side gives the final expansion, where all terms have dimensions of
[1/Q2]:
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1 1 1 N-1 N-1 1 Ca 1 N-1 N-1
+ + - + + +—- - -
RoRi jRoXiy jRoXer NRoR: jNRoyXe2 jRiXen Ly XciXen JNR:Xen N Xe2Xen

N N N N NG, N
(3.1) = + + + + -
RikR; JXLiR, jXciRa jiXc2 Rik L Xci Xe2

The real part of this expression corresponds to the in-phase balance condition, and the imaginary
part corresponds to the quadrature balance condition. Equating the reals gives:

1 N-1 Ca 1 N-1 N N G, N
+ + — - - = + - 3.2)
RoR:  NRyR; Ly Xc1Xen  NXaXen  RiRz Li XciXe2

From this, we can see that frequency-independence of the in-phase balance conditon is obtained
when:

1 N-1 N
+ . =0
XC] XCn N XCZXCn XCi XCZ

1.e., using Xc=-1/2nf C):

(N-1) C;C
CiCp + —————— - NGiC, =0
N

Dividing throughout by C, gives:

Ci 1
Co | —+1-— | =NG (3.3)
Cs N

Equating the imaginaries in (3.1) gives:

1 1 N-1 1 N-1 N N N
+ + + + = + + 3.4)
RO XCI N RO XCZ 1{1 XCn N RZ XCn XCi RZ XCZ Rik

But from the requirements for low-frequency balance given earlier as equation (1.3.10):
LV = LiRz/ ( N Ro)
Hence the terms 1/(RoXwy) and N/(XriR2) cancel (for which reason they are in grey above). This

leaves only terms involving capacitive susceptance, and so using Xc¢=-1/(2nf C) and cancelling
-2nf throughout:
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G (N-DC G (N-1)G, NG NG
- + b = —
Ry N Ry Ry N R; R, Rix

Muttiplying throughout by R, and regrouping gives:

CiR, (N-1) N R, 1
+C R, _— - — +Cy | — +1- — = NG (3.5
Ro N Ry Rix R, N

Although, on the diagram above, only the neutralisation capacitor is marked as adjustable, any of
the stray capacitances can be padded to a higher value if necessary. Hence, in (3.3) and (3.5) it
appears that we have two simultaneous equations with four adjustable parameters

(Cy, G, Gi, C,). This means that there are either an infinite number of ways in which high-
frequency balance tracking can be accomplished; or, we are missing some crucial piece of
information. The latter is, of course, the case; and in deducing the solution we eliminate the
paradox. In the limit where Xy, is very large (i.e. at high frequencies), the voltage-sampling
network should be considered as a resistive potential-divider in parallel with a capacitive potential-
divider. It is possible to make separate resistive and capacitive dividers that give exactly the same
off-load output voltage, the only difference being the output impedances. If the outputs of such a
pair of networks are connected together, there will be no changes in the output voltages. If the
division ratios of the two networks are not the same however, then the combined output voltage will
vary with frequency. Thus, in order to obtain a flat high-frequency response, we must impose the
condition:

Rz/ R1=Xcz/XC1
1e.:
R/ Ri=Ci/C, 3.6

Substituting this into (3.3) gives:

R, 1
Co | —+1-—| =NG (3.7)
R, N

A check of the reasoning used in the derivation above can be had by substituting (3.7) into (3.5).
The result, after cancellation is:

C (N-1) N
—+CG | — - — =0
Ry N Ry Rik

Multiplying throughout by Ry and rearranging gives:
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C N Ry 1
_ = 4+ — 1
C, Rik N

This is the transformer constant, introduced earlier as equation (1.3.12). Hence we can re-write
(1.3.12) with this supplementary information:

G R, N Ro 1
- = + — -1 Transformer constant (3.8)
C; R, Rix N

This result confirms the deduction (3.6) and the logical consistency of the working. Also, we can
use it to substitute for R,/ Ry in equation (3.7) to give:

Ci/ Ca=Ro/ Ri 3.9

Now returning to equation (3.2); notice that when the high-frequency balance condition (3.3) is
applied, equation (3.2) reduces to:

1 N-1 Ca N N G,
+ + = +
Ro R1 N R() Rz Lv Rik Rz Li

Multiply throughout by RoR; and rearranging gives:

1 RoR:C, N RoR,C;
— —_— + —_— ——
N Lv Li

which, applying the cancellation given by equation (3.8) and then dividing throughout by Ry R,
leaves us with:

C/Ly=NGC/ L
This is an auxiliary balance condition that links the frequency response of the voltage-sampling

network to that of the current-sampling network. It supplements the collected balance relationships
given earlier as equation (1.3.10).

e (3.9)

From (3.9) we obtain the additional relationship:

Cn/C2=R2/R0 3.10
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Hence, rather than being free to choose the various network capacitances, we find that their relative
values must be constrained if we are to get the bridge to balance at high frequencies. If only one of
the capacitances is determined by practical considerations (such as the desire to keep them all as
small as possible) then all of the others are prescribed. This situation is remarkably different from
that encountered when designing capacitive voltage-sampling (CVS, Douma) bridges, because the
strays across the voltage-sampling network merely contribute to wanted capacitances in that case.
It means that the RVS bridge, although conceptually simple in its prototype (low-frequency model)
form, is actually the hardest to get right.

The high-frequency balance considerations have been added to the spreadsheet calculation
maxflat_brgd.ods. A little experimentation with the numbers confirms that the capacitance across
the upper voltage-sampling arm (C,) is always the smallest of the set, and that R, must not be too
large if the others are to be kept within reasonable bounds. Thus it is sensible to assume that C, will
be the capacitance of the resistor R, (no extra capacitance will be used in this location). If a single
resistor 1s used, then C, will be about 0.5 pF. This makes the other capacitances rather large. Using
two resistors in series however reduces C, to about 0.25 pF. The other capacitances must then be
padded or adjusted to their corresponding values. In the spreadsheet, C; is chosen as the input value
and is adjusted to make C, come out at 0.25 pF.

Additional input parameter: C; Equation

Formulae: (See maxflat _brgd.ods for implementation).

Ca=CiRu/ Ry 3.9
Cz:CnRo/Rz 3.10
C] = Cz Rz/ R] 3.8

In the given example, R, was chosen to be 2.2 k€ to give about 2.1% power loss in the voltage
sampling network (see section 1.9). With the other parameters as before, and C,= 0.25 pF, the
remaining capacitances were:

Ci=11.8pF , C,=11.0pF and C;=3.0pF.

In a current transformer network, the effective secondary capacitance C; is principally due to
propagation delay and through-line mismatch. It can be made considerably less than 11.8 pF by
careful layout and construction (ca. 8 pF say) and so the transformer secondary can be padded to the
required value with a trimer capacitor. It is also perfectly possible to place the padding across the
transformer primary, except that the value required at the primary will be larger than that required at
the secondary by a factor of N2,

The capacitance C; will be mainly provided by the self-capacitance of the coil Ly. It might be
difficult to get that as low as 3 pF, but a single layer toroidal winding with a gap between the ends
will probably meet the requirement. If not, then C, will have to be increased slightly, e.g., by
placing a pair of short stiff wires in proximity.

Notice, incidentally, that the final circuit leaves us with two parallel RLC networks. If we assume

that the generator is a short circuit, then these are: L,// (Ci+ C;) and Li// (Ci+ C./N?). The
'resonant’ frequencies for the voltage and current sampling networks are the respectively:

foo=1/[2nV{Ly(Ci+Cy) }
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and
foo=1/[2nV{ Li( Ci+ Co/ N?) }

Both of these frequencies are the same when the bridge is neutralised, and so this relationship can
be used as a check the calculation. The resonances however, do not affect the frequency response.
They are firstly, heavily damped by parallel resistance; and secondly, they merely constitute the
point at which the parallel reactive component of the network becomes open circuit.
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Discussion

The investigation carried out in the preceding sections demonstrates the feasibility of using the
maximally-flat current transformer network as the basis for a precision transmission bridge. A
serious drawback however lies in the necessity of using a resistive voltage sampling network. In
the passive RVS network, the amount of power abstracted from the generator is necessarily large
(several percent of the total output) because high-frequency neutralising arrangements are difficult
to implement unless the upper voltage sampling arm resistance is relatively low.

One possible way of avoiding the difficulties associated with RVS presents itself when the
networks are used in conjunction with active circuitry. If a power supply is available, then it is a
simple matter to use a capacitive potential divider leading to a small broadband linear power
amplifier (i.e., a 'video' line-driving amplifier). The output of the amplifier might then drive a
passive low-impedance network that tailors the frequency response to that of the current
transformer network (i.e., a scaled-down version of the network used in the fully passive case). The
ability to control amplifier feedback also introduces the possibility of alternative filter topologies.
The initial capacitive voltage sampling network will benefit from inductance balance adjustment' if
high precision is required, but the power abstracted from the RF generator will be negligible.

DWK, 2007, 2014.

10 Evaluation & Optimisation of current transformer bridges, DWK. Section 17



