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Introduction

The concept of transmission line trans-
formers (TLTs) has been a distinct element of
RF circuit design at least since 1944 when
Guanella disclosed an impedance transformer
of novel design which consisted of a pair of
interconnected transmission lines [1, 2]. Sub-
sequent to that disclosure, Guanella later
showed that TLTs with DC isolation could be
realized [3], as have others in more recent
years [4, 5, 6].

Fundamental Concepts

The TLT operates by transmitting energy
by way of the transverse (or TEM, meaning
Transverse ElectroMagnetic [7], also known
as Transverse Electric and Magnetic [8]) trans-
mission line mode, rather than on the more
familiar coupling of flux as with a conventional
transformer [9], and Fig. 1 illustrates this con-
cept in generalised form, where the two lines
represent the two conductors of a transmis-
sion line, regardless of whether it is made of

Figure 1 - Definition of Transmission
Line in Transverse (TEM) Made

parallel wires, twisted wires, coaxial cable, or
any other means. Here, the currents in the
two conductors are equal in magnitude and
opposite in phase, while the voltages across
the ends of the two conductors are equal in
both magnitude and relative phase. In the
TLT, the windings serve to eliminate, or at
least substantially reduce common-méde cur-
rents from the input to the output [10].

For purposes of circuit analysis, the TEM
transmission line of Fig. 1 can be described
as a 2-port ABCD matrix, as shown in Fig. 2
[11], and mathematically (from Appendix A)
as:
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where | is the length of the transmission line
and y is the complex propagation constant .
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Figure 2 - 2-Port ABCD Depiction of
TEM Transmission Line
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Figure 3 - 2-Port TEM Transmission
Line as 4-Port ABCD Element

where a is called the attenuation constantand
Bis called the phase constant. The constants
R,L,G,andCareR, L, G, and C are the total
series resistance, series inductance, shunt
conductance, and shunt capacitance per unit
length of the transmission line, from which we
can also derive the characteristic impedance

Z:
7 = R + joL
° " \G + jwC (3)
The 2-port transmission line of Fig. 2
may also be described as a 4-port ABCD
matrix [12] where each terminal of the trans-
mission line is paired with ground, as shown

in Fig. 3, the mathematical description of
which appears in Appendix B.

Typical 1:1 Transmission Line
Transformer Applications

Fig. 4 illustrates a typical application of
TEM transmission line, where a voltage gen-
erator having a source impedance Z is cou-
pledto aload impedance R, by way of a length
of transmission line having a characteristic
impedance of Z,. With the same side of the
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Figure 4 - Typical Application of
TEM Transmission Line

transmission line grounded at both ends, the
voltages across both ends are equal in mag-
nitude (assuming that the line is lossless), al-
though they will differ in absolute phase de-
pending on the electrical length of the line.
The input impedance and output voltage for
Fig. 4 are:

[Rycosh yl + Zgsinh yIO

Zin = Zo Ezocosh yl + Rysinh yIO (4)
V= R1 Vin
1™ Rycosh yI + Zgsinh vyl 5)

which are developed in Appendix A for a 2-
port network and in Appendic C for a 4-port
network. Note that equations (A4) through
(A8) and (C7) through (C11) are the same,
showing that the 2-port and 4-port approaches
are identical.

Fig. 5 illustrates an application where a
length of transmission line is used as a 1:1
phase inverting transformer. Here, the appli-
cation shown in Fig. 4 has been modified by
switching the connections on the load end,
thereby causing the load to see the inverse
of the input voltage. This application is used
to realise inverting transformers for pulses
having very high rise times [12]. The input
impedance and output voltage for Fig. 5 are:

[R,cosh yl + Zgsinh ylIO

Zin = Zo [Zgcosh yl + Rysinh ylI0 (6)
— —R2 Vin
Va = R,cosh yl + Zgsinh vyl (7)

which are developed in Appendix D. ltis in-
teresting to note that the input impedance for
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Figure 5 - Transmission Line
Used as a 1:1 Phase Inverter



Fig. 5 is the same as that for Fig. 4, and that
the output voltage for Fig. 5 is equal and op-
posite to that of Fig. 4.

This application can be verified by way
of a very simple test, which consists of con-
necting a length of 50Q coaxial cable to a sig-
nal generator and then connecting the free
end to a 50Q load resistor and ground as
shown in Fig. 3. With the generator set to a
frequency that is above the low frequency
bandwidth limit for the length of cable, the volt-
age across the load resistance can be meas-
ured with an oscilloscope and observed to be
equal in magnitude and opposite in phase to
the input voltage.

Fig. 6 illustrates an application where a
length of transmission line is used as a 1:1
choke balun, and is shown here with a bal-
anced (or symmetrical) load. With the output
currents being equal and opposite, the out-
put voltages across the balanced load are
also equal and opposite. The input imped-
ance and output voltages for Fig. 6 are:

. @qlmz)cosh yl + Zgsinh y10
T "0 Hz cosh yI + (Ry+Ry)sinh yl
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V, = R Vin (9)
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the development of which appears in Appen-
dix E.

Fig. 7 shows the choke balun of Fig. 6
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Figure 6 - Transmission Line Used as a 1:1
Choke Balun with a Balanced Load

in a more tyical application which is a very
familar amongst radio amateurs where it is
used extensively for matching unbalanced
coaxial cable to balanced and floating loads,
such as dipole antennas. Here, the voltage
across the load is equal to that of the input
voltage (less any losses), and is symmetrical
with respect to ground. The input impedance
and output voltages of Fig. 7 are:

R, cosh yI + Zysinh ylO

in = 11
Zin = Zo EZOcosh yl + Ry sinh yIO (11)
Y Y

17 2 R_cosh yl + Zgsinh yI (12)
e R

27 2 R.coshyl + Zgsinh yl (13)

the development of which which appears in
Appendix F, and which follows that of the
mathematical development of Fig. 6, which
appears in Appendix E, by realizing that with
the two output currents being equal in magni-
tude and opposite in phase, a virtual ground
exists at the centre of the load impedance.
Therefore, in Appendix F the impedance R /
2 is substituted for the load impedances R,
and R, of Appendix E.

These applications can be verified by
way of a very simple test, which consists of
connecting a length of 50Q coaxial cable to a
signal generator and then connecting the free
end to a pair of 24Q resistors from each con-
ductor to ground, as shown in Fig. 6. With
the generator set to a frequency that is above
the low frequency bandwidth limit for the
length of cable, the voltage across the load
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Figure 7 - Transmission Line Used as a 1:1
Choke Balun with a Floating Load



resistors can be measured with an oscillo-
scope and observed to be equal in magni-
tude and opposite in phase.

The choke balun of Fig. 7 can be tested
using the setup for testing the choke balun of
Fig. 6 by simply disconnectiong the common
point between the two resistors from ground.
This is a bit more difficult to test as any stray
loading on either of the output terminals, even
that from a scope probe, will upset the bal-
ance of the output voltages, although it is still
functioning as TEM transmission line and
therefore the voltages across both ends of the
cable will remain equal.

In practice, choke baluns such as this
are made appreciably shorter by placing a
ferrite sleeve over the coaxial cable, which
serves to suppress common-mode currents
and which therefore makes the cable appear
to be much longer by way of the approxima-
tion:

=

where I is the apparent length of the trans-
mission line, | is the actual physical length,
and p_is the relative permeability of the fer-
rite material.

(14)

At this point, we have come to realize
an number of order-1 transmission line trans-
formers which are easy to comprehend by way
of the fact that the input voltage is applied
differentially across the terminals on the in-
put (left-hand) side and the load is connected

Figure 8 - TEM Transmission Line Used
as a 1:1 Non-Inverting Transformer

differentially across the output (right-hand)
side, and is connected in a way that causes
the output voltage to be equal and opposite
to the input voltage.

Now, Fig. 8 illustrates an application
where a length of transmission line is used
as a 1:1 non-inverting transformer. Here, the
load impedance is attached to the input (left-
hand) end of the lower conductor and on the
right-hand end both conductors are connected
to ground. The input impedance and output
voltage for Fig. 8 are:

Z__ﬁ_zsinhyl_R
" 4 %coshyl T3 (15)
V3 = R3 Iiﬂ = R3 |0utCOSh yl =
Vin Rgcosh yl
= S oy
Zysinh y n (16)

the development of which appears in Appen-
dix G.

This application can be verified by way
of a very simple test, which consists of con-
necting the centre conductor of a length of
50Q coaxial cable to a signal generator and
then connecting the outer conductor of the
same end to a 50Q load resistor, then con-
necting both conductors of the free end to
ground as shown in Fig. 8. With the genera-
tor set to a frequency that is above the low
frequency bandwidth limit for the length of ca-
ble, the voltage across the load resistance
can be measured with an oscilloscope and
observed to be equal in magnitude and phase
to the input voltage.

The DC-Isolated 1:1 Guanella
Transmission Line Transformer

We will now extend our understanding
of 1:1 TLTs and consider the DC isolated 1:1
TLT shown in Fig. 9. Here, the load imped-
ance is divided in half and applied to each
end of the lower (or secondary) side of the
transmission line, thereby creating a balanced



(or symmetrical) load. Observe very carefully
that the currents in the two sides of the trans-
mission line remain equal and opposite at both
ends, and that the voltages across the ends
of the transmission line also remain equal,
which is in total agreement with the theory of
TEM transmission line. The input impedance
and output voltages of Fig. 9 are:

Zo( Rz + R3)COSh yl +R2 R3 sinh yl

Zin = Zycosh y1-Rysinh yl (17)
-Ry Vi Zo
Vy = Z(R +R) in . (18)
ol R2 3)cosh vyl +R5 Rz sinh vyl
_ _VinRs (zgcosh y1 + Rysinh yl)
V3= Zo(Ry + Ry)cosh yl1+R, Rgsinh yl (19)
0\ "2 3 Y 2 Rgsinh y

the development of which appears in Appen-
dix H. At frequencies where the transmission
line is short with respect to wavelength and
the two load resistances are of equal value,
the output voltages become of equal magni-
tude and opposite phase. The sum of these
two voltages is equal to the input voltage,
which is to be expected as the transmission
line is functioning in TEM mode.

Fig. 10 shows the 1:1 Guanella isola-
tion transformer of Fig. 9 with a floating load,
where the secondary side is now is DC iso-
lated from the primary side by simply remov-
ing the ground connection common to the two
load resistors of Fig. 9, which is a more typi-
cal application. When the DC isolated 1:1
TLT balun of Fig. 9 is modified by replacing
the two loads with a single floating load as
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Figure 9 - Transmission Line Used as a
1:1 Guanella Isolation Transformer
with a Balanced Load

shown in Fig. 10, the mathematical analysis
becomes more demanding as now the input
and output currents are forced to be equal as
well as the voltages at each end of the trans-
mission line, resulting in the input impedance
and output voltages being:

_ ZgRycosh yl+(n(1-n) )R ?sinh yI

n = (zgcosh yI + nRsinh yI) (20)
~Vinnh R Z
Vo =
27 zoR_cosh yl+(n (1-n)) R 2sinh yI (21)
Vo = Vin(1-n) R Zg
37 Zy R cosh yl +(n (1-n)) R Zsinh yI (22)
where
_ %o yl
n = E tanh > (23)

the development of which appears in Appen-
dix J. The mathematical development of Fig.
10 was aided by observing that in Fig. 7 the
output currents were equal in magnitude and
opposite in phase, thereby creating a virtual
ground at the centre of the load impedance
for all frequencies.

A similar approach was used with Fig.
10 by observing that for frequencies where
the length of the transmission line is small
compared with wavelength, the output cur-
rents of Fig. 9 are equal and opposite. Relat-
ing this condition to Fig. 10, we set an arbi-
trary virtual ground between the ends of the
load impedance. However, unlike the analisis
of Fig. 7 (Appendix F), this condition will not
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Figure 10 - Transmission Line Used as a
1:1 Guanella Isolation Transformer
with a Floating Load



persist for all frequencies, and at low frequen-
cies the output voltages for Fig. 10 are much
the same as for the noninverting TLT trans-
former of Fig. 8 while at high frequencies the
output voltages become much the same as
for the inverting TLT transformer of Fig. 5.

By inspecting the equations for the cur-
rents and voltages for Fig. 9 in Appendix H,
we observe that we can adjust the virtual
ground of the load impedance of Fig. 10 so
that the two input currents become equal in
magnitude and opposite in phase while at the
same time keeping the voltages across the
ends of the transmission line equal. This is
eased by further observing that the denomi-
nators of the equations (H10) and (H12) are
identical, and it is therefore only necessary
that an equality of the numerators be per-
formed.

For this purpose, an arbitrary scalar n
is introduced that serves to divide the load
impedance into two separate real imped-
ances, with their common point being a vir-
tual ground. This equality is begun with equa-
tion (J7) and proceeds to equation (J11),
where it is shown that for frequencies where
the length of the line becomes insignificant
and the load impedance is equal to Z,, the
value of the scalar is zero, which results in
the left-hand output voltage being equal to
the input voltage and the right-hand output
voltage being zero.

We should also observe that in both Fig.
9 and Fig. 10 the input voltage is applied dif-
ferentially across the input (again left-hand)
side and it is equal in magnitude to the the
output (again right-hand) voltage, which is in
perfect agreement with the basic concept of
TEM transmission line that is more readily un-
derstood.

The application of Fig. 9 can also be
verified by way of a very simple test, which
consists of connecting the centre conductor

of a length of 50Q coaxial cable to a signal
generator and then connecting the centre con-
ductor of the free end to ground as shown in
Fig. 9. Now, both ends of the outer conduc-
tor (or shield) are connected to a pair of 24Q
resistors and the opposite ends of the resis-
tors are connected to ground. With the gen-
erator again set to a frequency that is above
the low frequency bandwidth limit for the
length of cable, the voltage across the two
load resistors can be measured with an oscil-
loscope and observed to each be half the
magnitude of the input voltage and of oppo-
site phase, and that their sum is equal to the
input voltage.

As with the choke balun of Fig. 7. the
DC isolated 1:1 Guanella transformer of Fig.
10 can be tested using the setup for testing
the choke balun of Fig. 9 by simply
disconnectiong the common point between
the two resistors from ground. Also as with
the choke balun of Fig. 7, the DC isolated 1:1
Guanella transformer of Fig. 10 is a bit more
difficult to test any stray loading on either of
the output terminals, even that from a scope
probe, will upset the balance of the output
voltages, although it is still functioning as TEM
transmission line as the voltage across the
load resistor is equal to the input voltage.

Closing Remarks

The design and application of DC iso-
lated transmission line transformers (TLTSs) re-
quires a thorough understanding of the fun-
damentals of transmission line theory, 4-port
network analysis, and the design of TLTs. The
comprehension of the DC isolated TLT re-
quires nothing more than a logical extension
of these basic concepts, and once that is done
they are readily and easily understood even
by those having entry level experience in the
profession of RF circuit design.
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Appendix A
TEM Transmission Line as 2-Port ABCD Network
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Figure 11 - 2-Port Depiction of
TEM Transmission Line
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Figure 12 - 2-Port TEM Transmission
Line with Source and Load
Vout = Rulout (A4)
Vin = Zg Iouts.inh Yyl + Rylgtcosh yl = (A5)
= Iout(Zo sinh yl + Rjcosh yl)
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Appendix B
TEM Transmission Line as 4-Port ABCD Network
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Figure 13 - 2-Port TEM Transmission
Line as 4-Port ABCD Element

Figure 14 - 4-Port TEM Transmission
Line with Source and Loads
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Appendix C
4-Port TEM Transmission Line Network as
2-Port TEM Transmission Line

= Vj cosh yl + Zg Iy sinh yl =
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Rs = 0 (C2)

Vo =0 (C3)
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Figure 15 - 4-Port TEM Transmission Line
as 2-Port TEM Transmission Line

_ Vin
lour = Rycosh yl + Zgsinh yl (C9)
Vv = R Vi (C10)

Ricosh yl + Zgsinh yl



Appendix D
4-Port TEM Transmission Line Network as

1:1 TLT Inverting Transformer
R, = 0 (D1) : = =
k
Rz = 0 (D2) k y \
V; =0 (D3)
1 1
V3 =0 (D4)
Figure 16 - 4-Port TEM Transmission Line
Vin = lout (R2 cosh y1 + Zgsinh y1) (D3) as 1:1 TLT Inverting Transformer
o [Zgcosh yl + Rysinh yIO B ocosh yl + Zgsinh ylO
fn = OUtE Zy H (D7) Zin O Zycosh yl + R,sinh yIE (D9)
| = Vin Vo = _RZ Vin
out = R, cosh yl + Zgsinh vyl (D8) 2 7 Rycosh yl + Zgsinh yl (D10)
Appendix E
4-Port TEM Transmission Line Network as
1:1 TLT Choke Balun
Ry = 0 (E1) ' \
Vs = 0 (E2) !

Vip = Iout(( Ry +R2)cosh yl +Zgsinh yl) (E3)
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Figure 17 - TEM Transmission Line
as 4-Port Choke Balun Network
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Appendix F
4-Port TEM Transmission Line Network as
1:1 TLT Choke Balun with Floating Load

Ry =Ry = (F1) : - = 4
Rs =0 (F2) [ i ..
Vz =0 (F3) l b
Vin = lout(RLcosh yI + Zgsinh yI) (F4)

Figure 18 - TEM Transmission Line
as 4-Port Choke Balun Network

[z h yl + R sinh ylO . .
hn = lou 0COSn Y - LSInN Y w (F5) with Floating Load
0
R, cosh yI + Zysinh ylO R, Vi
Ziy, = Zp U - = =
n O Zycosh yl + R, sinh yIO (F6) ! 2 R_cosh yl + Zgsinh yl (F8)
Vi _ _R Vi
= V [e—_ .
lout R_cosh yl + Zgsinh vyl (F7) 2 2 Rycosh yl + Zgsinh vyl (F9)
Appendix G

4-Port TEM Transmission Line Network as
1:1 TLT Non-Inverting Transformer
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Figure 19 - 4-Port TEM Transmission Line
Vin = lout Zo sinh yl (G5) as 1:1 TLT Non-Inverting Transformer
_ \ _ _ Rali 2V _, sinhyl
lout = Zo sinh yl — Zg sinh vyl (G8) Zin = ln %0 cosh vl Rs (G10)
V3 = R3lp = Rglgytcosh yl =
Vi, cosh yl
lin = lout COSh yI = % (G9) _ Vi3 Rgcosh yl v (G11)
0 T Zgsinhyl 'n
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Appendix H
4-Port TEM Transmission Line Network as
1:1 TLT Current Balun

R, = 0 (H1) t _
2w il o = |
V=0 (H2)
. T T 1
Vin = lout Zg sinh yI (H3)
Rs lin = lout (Zosinh y1 = Rycosh y1) (H4) Figure 20 - TEM Transmission Line
as 4-Port Current Balun Network
R3 lin = Vin = lout Rzcosh vyl (H5)
. Zg| Ry + Rg)cosh yl +R5 Rgsinh yl
- E?z sinh y1+2Z, cosh yIH _ Zin = 0( 2 3) LARRAPRAE ¥ (H9)
in = lout = Zgcosh yl—Ry sinh yl
4 Zg 4 (H6)
= lout EIZO sinh yI - R cosh VIE s Vin (ZO cosh yl + R, sinh yl)
D |in ZOR3 H n- Zo( R2 + R3)COSh yl +R2 R3 sinh yl (HlO)
lout = ; =
R, sinh yl+2Z4 cosh yl
2 yl RO Y HD) Vin R3 (Zgcosh y1 + Ry sinh y1)
_ in R3 3= : H11
Zo sinh y1- R, cosh yl ZO(R2 + R3)cosh Y1 +Ry Rz sinh yl ( )
Vin = Rg lin + lout R2cosh yl lout = Vin Zo
~ Rup s _ louZoRpcoshyl Zo(R, + Rg)cosh y1+R, Rgsinh I (H12)
- 78T R,sinh yl + Zgcosh ylI (H8)
_ lout Zg Rpcosh yl + Rysinh yl Vo = -R, Vin Zg (H13)
ZO(R2 + Rg)COSh vyl + Ry Rgsinh vyl 2 ZO( R, + R3)cosh y1+R5 R3sinh vyl
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Appendix J
4-Port TEM Transmission Line Network as
1:1 TLT Current Balun with Floating Load

ln = lout =1 (J1)
Ri =0 (J2)
Vi =0 (J3)
Ry = R (J4)
Rs = (1-n) R, (J5)
I = ||n ZO
out = R, sinh yl+Z, cosh yl (J6)
1Zg = | (n R sinh y1 +Zg cosh yl) (J7)
nRe sinh yI = Z4 (1 - cosh yl) (J8)
= Zg (1 - cosh yl) >0 (J9)
R, sinh ylI -
sinh yl = #4cosh? yl - 1 (J10)
L= Zofeoshyl =1 Zo %coshyl—l%
R, | sinh vyl RL H/cosh2 vl - 1H

_ Zy |:,\/cosh yl - 1)(cosh yl - 1)D
RL H(cosh y1 - 1)(cosh yI + )H
ZO yl

Zg Ufcosh yl - 10
= L0 gES VLD 2h o 20 qapp L
R. Ojcosh yl + 10 R_ 2

(J11)
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Figure 21 - TEM Transmission Line
as 4-Port Current Balun Network
with Floating Load
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