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Optimizing the Design of Large Ratio UNUNs Transformers from Tests and Simulations
The usual design may be improved in many ways such as increasing the bandwidth and decreasing the power dissipated in the core with ease of fabrication

This article covers tests and simulations of the most popular 49:1 UNUNs, but it applies to other similar designs.  These transformers are generally used on half wave end fed antennas to transfer their energy from primary to secondary via magnetic flux in the core.  They should not be confused with transmission line transformers which use a transmission line to carry energy while the core is used to maximize low frequency bandwidth and augment common mode suppression.  These provide limited ratios, generally limited to less than 8 or 16. More ratios may be obtained by using hybrid designs combining energy transfer via the magnetic flux.  My design intent is to achieve less than 1 dB insertion loss and a SWR of less than 2:1 from 1.8 MHz to 30 MHz at power levels in the 100 to 200 watts range, using 49:1 UNUNs wide band transformers.
Measurement Set-up

Insertion loss measurements were performed on a laboratory-grade VNA using full two port calibration, as shown in Figure 1.  An .s2p file is generated, allowing SWR (on port 1), and insertion loss measurements to be performed as in figures 2A and 2B.
Figure 1

A full 2 port calibration is used.
This compensates for deviations of both port impedances of the VNA,

as well as test cable attenuation.

The 0 dB reference is obtained using a shorting cable.
Figure 2A

Separate primary and secondary

1:49 transformer connections.

L2 / L1 turns ratio = 7
M is the mutual inductance.                                        Figure 2B








1:49 autotransformer connection for insertion loss







and input impedance (SWR) tests.







(L2+L1) / L1 turns ratio = 7
The port 1 primary reference impedance is 50Ω while the transformer secondary sees an impedance of 2450Ω or 49 times 50Ω, including the VNA 50Ω port 2 input impedance.  This test method only requires one transformer and is repeatable by using the exact load resistor as required by the transformer under test.  Note also that the load resistor is made of two resistors in series to decrease the effects of the parallel capacitance (approx. 0.2 pF) across each resistor.  The insertion loss (ILoss) in dB of this ideal transformer may be calculated as follows.  The Excel sheet of Ref (1) does these calculations.

[image: image1.wmf]÷

ø

ö

ç

è

æ

+

+

×

×

×

×

=

Z

R

N

Z

Z

N

Log

ILoss

2

2

20


N = Turns ratio, secondary-to-primary  of an ideal transformer.
R = Resistance in series with the secondary.
Z = Source and load resistance, 50Ω
A turns ratio of 7 gives a voltage ratio of 7, with perfect coupling and an impedance ratio of  72 = 49.  With 50Ω source/load impedances and R=2400 Ω, the insertion loss Iloss is 16.90 dB.  This value needs to be added to the measured insertion loss, as measured with the VNA.
Note that with:  
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The insertion loss becomes:
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Insertion Loss, SWR and Impedance Measurements
I first tested the "standard transformer design" using two stacked FT-240-43 cores.  See photo 1 and figures 3 and 4.  Note that the transformer is built as an autotransformer.  This simplifies construction by making double use of the primary which improves the coupling coefficient slightly (~1.4%). 
Photo 1 – Showing the "standard" 1:49 autotransformer wound with a tapped primary, using two FT240-43 cores (µ=850) with 14 turns total. 
The measured coupling coefficient K = 0.99

Primary L = 16.55 µH.  
See reference (2):  Inductors M and K Calculations.xls
Figure 3 :  Attenuation and input SWR vs. 

frequency.  The FT240-43 ferrites gives around

 2 dB of insertion loss even at 1 MHz.
This is 37 percent of the power lost in heating the core !
The SWR is ~ 1:2.0 from 1 to 18 MHz, 

even with the coupling the coefficient at 0.99  

Above 20 MHz, the insertion loss and SWR increase 
rapidly, making the transformer excessively lossy above 20 MHz.

Figure 4 :  The real part of the input impedance 

is on the low side, from 30 to 40 ohms up to 16 MHz.  

This partly explains the SWR being around 1:2.0.  

Above 16 MHz the resistance and reactance vary wildly,
as well as the SWR, indicating core or winding self resonance.
The second UNUN tested used two FT240-52 (µ=250) stacked cores.  See photo 2.  The core losses are much reduced and the SWR is improved, as shown in figures 5 and 6.  The lower permeability has reduced the primary inductance to about 3.1 µH, which turns out to be a good compromise value to cover the HF bands, since the coupling coefficient will decrease to around 0.95  A larger inductance favours the lower frequencies, and vice versa.  More on this later.  
Figure 5 :  The second UNUN used two FT240-52 

(µ=250) stacked cores.  See photo 2 and figures 5
and 6.  The bandwidth as well as the losses are improved.  The latter is improved to < 1 dB at midband).

Figure 6 :  The real part of the input 

impedance is now closer to 50 Ω and well behaved over the HF spectrum.  

Photo 2 -  Two stacked FT240-52 cores (µ=250) with separate primary (2 turns) and secondary (14 turns) windings.  This design provides lower losses at low and high frequencies compared to the previous FT240-43 design.

Simulations of the Dual Winding Transformer and the Autotransformer

As shown in figure 7, the autotransformer provides increased bandwidth, given the same coupling coefficient K.  The value of K= 0.95 is typical of what I measured with 52 type material.

Restoring the response of the transformer required increasing K to 0.963.  Note that the coupling coefficient between the two coils is critical.  Lower values of K will quickly decrease the useable bandwidth of the transformer.

Figure 7 :  Comparison of the S21 response of the autotransformer vs. a coupled transformer having separate primary and secondary windings.
Both have a coupling coefficient  K=0.95 and  L1 = 3µH.   
The autotransformer response -3dB point  = 74.3 MHz, while the transformer -3 dB point = 54 MHz.

Restoring the response of the coupled transformer requires increasing K to 0.963

Figure 8 shows that there is an optimum value of primary inductance L1 for a coupling coefficient around 0.95. Using higher values for L1 will move the useable bandwidth downwards, and vice versa.  Simulations show that there is an optimum primary inductance Lopt in µH for wide band operation: 
Lopt = ~ 11 / Flo (3.1 µH @ 3.5 MHz),  where Flo is the lowest frequency of operation in MHz.  This allows covering a 10:1 frequency range.  Note that core losses are not taken into account in this simulation.  The high frequency attenuation comes from the coupling coefficient, which is typically around 0.95 with the FT240-52 cores.  Here the leakage inductance comes into play.  Lower coupling means more leakage inductance and decreased response at the transformer HF end, and vice-versa.  Note also that the 43 material core provides increased coupling (0.99 measured) with a side effect of much increased losses above 15 MHz as shown in figure 3.
Figure 8:  S21 Response comparison of the autotransformer @ K=0.95

with L1 = 3µH and 6µH.  L1 = 3µH is optimum for the HF bands when using FT240-52 ferrite cores.
Figures 9A, B shows the Tee equivalent circuit of the autotransformer.  See Reference (4). 
Figure 9A:                                                 Figure 9B:
Autotransformer with

series connected windings

M = mutual inductance

Figure 9B:

Tee equivalent circuit of the autotransformer

M = mutual inductance,  K = coupling coefficient

L1, L2 = primary and secondary inductances

Here is an example equivalent circuit using 52 type material.  See figure 9C. The coupling coefficient K is typical of what has been measured.  See Reference (4).
Figure 9C:  Tee equivalent circuit of the autotransformer.  Inductance values are in µH.
The secondary winding capacitance makes the transformer behave as a low pass filter. This increases attenuation at higher frequencies.  Adding a capacitor at the input completes the low pass filter and improves SWR at the high frequency end.  The required input capacitance depends on the self capacitance of the secondary winding.  (approx 49 times the secondary winding distributed capacitance).  Low frequency attenuation and SWR are not affected by this capacitor.  See figure 10.
Figure 10:  This Tee equivalent network forms a low pass filter with L2 distributed capacitance, C1 being compensated with C2 at the input.

Figure 11 shows the importance of maximizing the coupling coefficient and optimizing capacitor C2, which adds high frequency compensation at the transformer input.  My experience shows that the optimum C2 is not constant at 100 pF for all transformers tested.  In my tests the S21 parameter was measured for the transformer alone.  Capacitor C2 is added in the simulator.  It provides an easy way to vary the capacitance and observe the resulting S21 curve.
Figure 11.  Frequency Response vs. Coupling Coefficient K:  
Blue: K=0.95  Pink: K=0.92

Here  L1=3uH, L2=108uH, 
Winding capacitance C1 =1.7 pF, 
Input capacitance C2 = 100 pF.
Small changes in the coupling coefficient will impact the frequency response  at the high frequency end.  Note that this simulation does not take into account the core HF losses.
Using larger wire on the secondary winding is counterproductive.  It just adds self capacitance which should be minimized to decrease high frequency attenuation.  This motivated the use of small gauge wire for the secondary which is much easier to wind.  My tests used #26 AWG wire but #22 to #26 AWG gauges are suitable. Its insulation should be capable of taking the heat without melting.  Note that on a  1:49 UNUN, the secondary current is 7 times less than the primary current.  The primary should use large wire or preferably, a flat strip, since it carries the high current and should be maximally coupled to the core.  See photo 3.
Photo 3  The 1:49 autotransformer wound with flat copper strip (140 mil wide, equivalent to #12 AWG) and #26 AWG wire for the secondary.  Note the grouping of the secondary windings to improve the coupling with the primary.
Two FT240-52 cores are used. 
Figure 12 shows the response obtained.  The SWR is below 2:1 between 2.3 and 37 MHz using both low and high frequency compensation.

Figure 12.  Measured Insertion Loss and SWR of the autotransformer in photo 3.  It yields a low insertion loss from 2.3 to 37 MHz.
Low Frequency Compensation
The input impedance of the transformer will be inductive at its low frequency range.  It is easy to partially nullify this reactance by adding a series capacitor at the input, as shown in figure 13.  Further improvement may be obtained by adding a shunt inductance, as shown in figure 14.  Note that this technique works on voltage baluns as well.
Figure 13 :  The addition of reactance compensating capacitors at the UNUN input further decreases losses and SWR.  This graph is for 100 pF in shunt and 2.2nF in series, both added at the UNUN input.  The high frequency end is not affected by the series 2.2 nF capacitor.

Figure 14 :  Adding a shunt inductor (L1 approximately 5 µH) will further improve the low frequency end, without affecting the high frequency end.

Using an Isolated Secondary Winding to Improve Common Mode Rejection
The UNUN transformers have common primary and secondary windings, which do not provide any common mode suppression of the feedline shield currents.  Using an isolated secondary winding will provide common mode suppression.  See photo 4.  The insertion loss results are excellent, and especially at high frequencies, as shown in figure 15.  This should eliminate the requirement of a current balun at some distance on the feedline.  However the antenna wire must be lengthened at the far end beyond the feedpoint, typically by 5%.  A static bleeder resistor (~ 100KΩ, 2W) should be connected between the antenna wire and the coax shield to allow static electricity buildup to drain through the grounded coax shield at the station end.

Photo 4   The 1:49 transformer wound with flat strip copper (140 mil wide) and AWG 26 wire for the secondary.  Note the split floating secondary winding used to improve the common mode suppression.
Figure 15:  Using a floating secondary provides low insertion loss and SWR through the high frequency range,  provided that a high coupling is maintained between the primary and secondary windings.
So far only all tests were performed with two stacked cores.  Reference (3)  pages 20 to 23 shows the results with one 240-52 core.  The number of turns on the primary winding was increased to three with 21 turns on the secondary side.  This keeps the primary inductance just above 3 µH which preserves the low frequency performance.
Type 43 Material Suppression Core provides Low Loss
I came across an interesting YouTube presentation by MM0OPX: "Best Ferrite Core For a 100W End Fed Half Wave Antenna", where he claims that he has obtained good loss performance by using one Fair-Rite #2643251002, 43 Type Suppression Core. See Reference (7).  This core size has its cross section (2.48 cm2) which is about 50% larger than one FT-240 compared to 3.22 cm2 for two FT-240 stacked cores.  See photo 5. The measured insertion loss was excellent from 1 to 30 MHz as shown in figure 16.  The higher permeability gives a higher coupling coefficient (0.98 to 0.99) which helps improving the response at both ends of the HF range, from 1.5 to 30 MHz.  See Reference (3) pages 29 to 37, where I show test results on three different winding configurations.  As mentioned in the next section, the curie temperature is much lower for the 43 type material, which will limit the maximum power, compared to the FT-240-52 core.  I did thermal tests on two transformers connected back to back.  The power level was 100 watts which was applied for 1 minute at a time, followed with 30 seconds off.  This was repeated 6 times.  The following equation describes the measured temperature rise in °C, t is in seconds, with a 67% duty cycle:
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At an ambient temperature of 40 °C, the curie temperature of 130 °C will be reached after 9.5 minutes. This will limit the power in SSB mode to 100 watts.
Photo 5:  49 to 1   Transformer  Floating Output  -  Divided Secondary

140 mil wide Cu strip on 2T primary / 14T secondary

Fig. 16:  Using a floating secondary provides common mode rejection and low insertion loss and SWR through the HF range using one Fair-Rite #2643251002  Type 43 core, without using low frequency compensation.
The difference in loss measurements between the FT240-43 toroid and the Fair-Rite #2643251002, type 43 suppression core was investigated.  It turns out that the materials had differing impedance characteristics even if they are made from the same #43 material, but with a different recipes.  The suppression cores have their part number starting with '26'.  They are optimized to provide the highest impedance at specified frequencies.  They give 20 % to 80 % higher impedance than the FT240-43 toroid from 1 to 30 MHz.  The parallel resistance Rp represents the core losses at the primary.  The higher Rp of the suppression components became obvious when I used normalized values to show the differences between the suppression and toroids cores.  The normalized Rp value may be used to predict and compare the losses over the HF frequencies.  See Reference (9) and figure 17. 
I also noticed that the Q = 1 frequencies were different (where the resistive and reactive components of the impedance are equal).  For the suppression cores this frequency was between 6 and 9 MHz, while it was around 15 MHz for the toroid.  The test results suggest that the larger suppression cores have their Rp lower and had decreased bandwidth.  Inversely, the smallest core had the largest bandwidth.  This suggests that 52 type material would be a better choice at powers over 150 watts, while providing low losses up to 30 MHz.
Figure 17
Normalized Rp values for four type 43 suppression cores and the FT240-43 toroid, based on the measurement of Rp, the parallel resistance for two turns.
Power Considerations
Insertion losses comes from two sources:  the power being dissipated as heat in the core, and reflections or impedance mismatch with the source.  The latter can be cancelled out by the adding matching components and/or with an antenna tuner while the dissipated power is lost in heating up the core.  The dissipated power at low frequency generally comes from the ferrite non linearity at "high" power levels while losses in the core at high frequency are present at all power levels.  Excessive heating could cause the core to reach its Curie temperature, at which point it starts to loose its magnetic properties.  The 52 type core is well suited for transformers since its Curie temperature is 250 °C, which is higher than that of 43 type material (130 °C).

The value of the magnetic flux B may be calculated as:
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Where Vrms is the RMS voltage across the primary inductor, 

f is the frequency in MHz,

N is the number of turns,

S is the core cross section in cm².

Reference (5) does these calculations and provides a graph of B maximum allowable vs. frequency for iron powder cores.  These maximum values are conservative for ferrite cores and real life tests should be performed by checking the transformer temperature rise under actual operating conditions.  The final temperature of the core should not exceed around 50 °C – warm to the touch but not very hot.  See Reference (6) for the Mini Ring-Core-Calculator Versions 1.3 and 1.33, including the help file in .pdf format.  This calculator computes inductance, number of turns etc.  It also computes the power dissipated in the core and the corresponding temperature rise. 
Reference (2) shows how calculations of the mutual inductance M and the coupling factor K for the transformers that I built.  A second sheet calculates the core maximum power based on the geometry and the number of turns.  It shows that the core maximum power increases as the square of the number of  turns. A third sheet calculates the initial permeability and AL values.  The fourth sheet compares the impedance measurements done on the FT-43 toroid and the Fair-Rite #2643251002, type 43 suppression core.
Another interesting toroid calculator may be found at Reference (8): VK3CPU  Toroid Calculator:

Summary
This article covers tests and simulations of the most popular 49:1 UNUNs, but they apply to other similar designs.  These transformers transfer their energy from primary to secondary via magnetic flux in the core.  The 52 type material appears to be the most suitable for building high impedance ratios wideband transformers such as the 49:1 UNUN up to 30 MHz, especially if the power exceeds 100 watts.  It is important to maximize the coupling coefficient to decrease high frequency attenuation and improve SWR.  Using a larger wire on the secondary winding is counterproductive.  It just adds self capacitance, which should be minimized to decrease high frequency attenuation.  The primary winding should use a large wire or preferably a flat strip, since it carries the high current and should be maximally coupled to the core.  Note that a low SWR measured at the transformer input does not guarantee that the insertion loss will be low enough.
In general there is an optimum primary inductance for wide band operation, when using type 52 cores, which allows covering a 10:1 frequency coverage.  Low frequency SWR compensation is possible by using a series capacitor and optionally a shunt inductor across the input.  Continuous operation above 200W requires testing the temperature which should not exceed 50 °C.  Using larger 52 type cores or three stacked 2.4 inch cores will yield an increased primary inductance and a higher coupling K.

Power limitations are mainly caused by the core saturation at the lowest frequencies, where the magnetizing currents are maximum, and by the core losses at the high frequency end.
References.

(1):  Details of the attenuation calculations: Calculation of matching load and resistor added.xls  From the author.
(2):  Inductors M and K Calculations.xls  Also includes Bmax calculations and more.  From the author.
(3):  Transformer designs by the author.   (Transformer Designs.pdf)
(4):  Voltage Ratio and Impedance Calculations for Coupled  Inductors and Auto-transformers.pdf  From the author.

(5):  F6BZG – Les transformateurs HF large bande – F5KAV – 13 mai 2012.  Page 39. 

     https://docplayer.fr/84418862-Transformateurs-hf-large-bande.html 
(6):  Mini Ring-Core-Calculator Version 1.3.  Download the calculator program versions 1.3 and 1.33 
     (update) at: https://www.dl0hst.de/mini-ringkern-rechner.htm
(7): YouTube presentation by MM0OPX:   https://www.youtube.com/watch?v=Xe0wvbOQeok
(8): VK3CPU  Toroid Calculator   https://miguelvaca.github.io/vk3cpu/toroid.html
(9): Core Impedance - Response Tests.pdf    From the author.
Jacques Audet, VE2AZX, became interested in radio at age 14, after playing with crystal radio sets and repairing old receivers. At age 17, he obtained his first ham radio license. In 1967 he obtained his BS degree in electrical engineering from Laval University. He then worked in engineering functions at Nortel Networks, where he retired in 2000. He worked mostly in test engineering on a number of products and components operating from DC to light-wave frequencies. His areas of interest are RF simulations, filters, duplexers, antennas and using computers to develop new test techniques in measurement and data processing.  Jacques is an ARRL Member.  Web site:  ve2azx.net









































































































































































































_1735821698.unknown

_1735822896.unknown

_1740660285.unknown

_1735821794.unknown

_1735821547.unknown

