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Abstract 

At present, portable receivers generally use ferrite rod antennas for LF and MF 
(below 2 MHz), and whip antennas for HF (up to 30 MHz).  Each type has proved 
effective in its particular application.  However, a whip antenna is much less 
convenient for the user of the receiver, and the obvious question is whether a 
ferrite rod could be used instead at HF.  Yet another possibility is the loop or 
frame antenna, which was popular before the introduction of ferrite rods.  With 
the BBC wishing to expand transmissions of DRM, the subject is becoming 
increasingly important. 

This report discusses the use of loop and ferrite rod antennas at HF, and presents 
both theoretical and practical results.  It also introduces a spreadsheet calculator 
for allowing the user to assess the effects of altering the various parameters.  The 
conclusion is that ferrite rods are suitable for use at HF, but that frame antennas 
could be even better. 

The report was prepared for the information of staff involved with radio reception 
in general and the DRM project in particular. 

Additional key words: Electric field, magnetic field, field strength, relative 
permeability, complex permeability. 
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1. Introduction 
 
At present, portable receivers generally use ferrite rod antennas for LF and MF (below 2 MHz), 
and whip antennas for HF (up to 30 MHz).  Each type has proved effective in its particular 
application.  However, a whip antenna is less convenient for the user of the receiver — it is likely 
to break off! — and the obvious question is whether a ferrite rod could be used instead at HF.  Yet 
another possibility worth considering is the loop or frame antenna, which was popular before the 
general introduction of ferrite rods in about 1960.  With the BBC wishing to expand transmissions 
of DRM, the subject is becoming increasingly important. 
 
This report starts by looking at the basic theory behind the three types of antenna, and compares 
their expected relative performance.  The theory is easy to apply for simple loops and whips, but 
unfortunately the presence of ferrite complicates matters greatly — so much so that an analytical 
treatment appears not to be possible.1  Instead, for help, we must turn to a mixture of 
manufacturers’ data, experimental results and computer simulation.  This work, to ‘understand’ 
ferrite rod antennas, occupies the bulk of the report.  No claims to great scientific originality or 
accuracy are made.  The report ends with a comparison of ferrite rod and frame antennas. 
 
A useful by-product of the work is a spreadsheet for enabling the reader to assess the performance 
of an antenna for himself.  Details are given in the appendix, but the results appear in main body 
of the report where appropriate. 
 
2. Electric Field Antennas 
 
Electric field antennas, of which the whip is an example, make use of capacitors.  Suppose the 
local electric field strength is given by E = E0 cos ωt volts/metre, and that we attempt to use a 
capacitor to extract energy from that field, as below: 
 
 
 
 
 
 
 
 
 
 

Figure 2.1: An Electric Field Antenna 
 
Suppose that we apply a voltage VE across the capacitor plates, such that VE = d × E0 cos ωt.  
Since the resulting field between the plates is then E0 cos ωt, which exactly matches the field that 
already exists, no current flows into the capacitor.  Hence the EMF generated by the antenna 
equals VE , or d × E0 cos ωt . 
 
Now suppose that we remove the external field E, but maintain VE across the capacitor plates.  VE 
now gives rise to a current flow which we calculate as follows.  A capacitor is defined by the ratio 
of stored charge q to the applied voltage; that is, C = q/V.  Alternatively, C = (dq/dt) / (dV/dt) = 
I / (d × –ωE0 sin ωt ) , where I is the current.  This gives the well-known result that the impedance 
ZE, which equals V/I, is 1 / (jωC). 

                                                 
1  The author is willing to be proved wrong! 

Separation d 

Area A 

EMF VE 

(Capacitance C) 

Alternating field 
E= E0 cos ωt 

The medium possesses permittivity ε ε0, 
where ε is the relative permittivity and ε0 
is the permittivity of free space. 
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The above arguments show that an alternating field E gives rise to an EMF E × d, which is 
available through a source impedance 1 / (jωC).  Since C is given by εε0 A/d, the modulus of the 
impedance becomes d / (ω εε0 A).  For likely dimensions and wavelengths, this is quite high.  
Suppose d = 1 m, ω = 107 (top end of the medium waveband) and A = 10–4 m2.  Since ε = 1 (in 
free air) and ε0 = 8.84 × 10–12, ⎪Z⎪ is just over 1 MΩ. 
 
For the frequencies of interest in this report, a parallel-plate capacitor is hardly practicable — 
particularly with dielectric material between its plates.  However, its near-relation the whip 
antenna is commonly used at HF.  It comprises a ground-plane — in a portable receiver, generally 
the printed circuit board — and an extendable metal rod of length l.  The capacitance is more 
difficult to calculate, since this is now distributed and not confined to a pair of plates; and the 
EMF is approximately E × l/2, since the antenna responds to the average potential of E along the 
length of the whip. 
 
By making the antenna the capacitive element of a parallel tuned circuit, it is possible to realise 
the full value of the EMF.  This is rarely done, because changes in the environment — such as the 
presence of the user — change C and cause serious detuning.  Instead, the antenna may be used to 
current-drive a low impedance point.  The modulus of the available current is V/ ⎪Z⎪ or, for the 
parallel-plate antenna, (E × d) / (d / (ω εε0 A)), which equals ω εε0 A E.  Note that, perhaps 
surprisingly, this is independent of d but proportional to ω. 
 
Little more need be said about E-field antennas here.  It is not possible to progress further without 
details of the antenna’s environment and knowledge of the associated electronic circuitry.  The 
theory is adequate for us to gain some idea of the relative merits of E- and H-field antennas. 
 
3. Magnetic Field Antennas 
 
Magnetic field antennas, of which frame and ferrite rod antennas are examples, make use of 
inductors.  Suppose that the local magnetic field strength H equals H0 cos ωt amperes per metre, 
and that we attempt to use a circular loop of wire to extract energy from that field, as below:  
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1: A Magnetic Field Antenna 
 
In this case, VH = µ µ0 A (dH/dt) .  Since H equals H0 cos ωt , the magnitude of the output ⏐VH⏐ 
becomes µ µ0 A ω H0 .  Strictly, H0 represents the amplitude of the field, but it can be taken as the 
RMS value, provided that V0 is expressed in the same way.  For a circular loop, it is often more 
convenient to substitute π r2 for A. 
 
The source impedance ZH is determined by the self-inductance of the loop, L, and is jωL.  
Unfortunately, calculation of L is very difficult, and it is necessary to resort to empirical formulae 
or computer simulations.  More will be said about self-inductance in the following sections. 

The medium possesses permeability µ 
µ0, where µ is the relative permeability 
and µ0 is the permeability of free space.

Radius r 

(Area A) 

EMF VH 

(Inductance L) 

Alternating field 
H = H0 cos ωt 

The magnetic field is 
perpendicular to the 
plane of the coil. 
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To get some idea of the relative signal levels from electric and magnetic field antennas, suppose 
that E is 1 volt/metre.  In that case, the electric field antenna can deliver 1 V into high impedance, 
if d is 1 m.  If E is associated with a wave being propagated in free space, H equals E / Z0 , where 
Z0 ( ≈120 π ) is the impedance of free space.  Substituting into ⏐VH⏐ =  µ µ0 A ω H0 gives 
    ⏐VH⏐ = 1 × (4 π × 10–7 ) × 1 × 107 × (1/ 120 π ) , 
where the area has been taken as 1 square metre, and ω as 107 as before.  This equals 1/30. 
 
Despite the inconveniently large area of the loop, ⏐VH⏐ is much less than ⏐VE⏐ from the E-field 
antenna.  However, all is not lost, for the following reasons: 

• The output of the loop can be increased considerably by tuning the loop with a capacitor: 
 
 
 
 
 
 
 
A Q of 100 is usually easy to achieve, and ⏐VH⏐ will be multiplied by this amount.2 

• It is possible to use more than one turn: N turns will multiply ⏐VH⏐ by N. 
• Introducing a ferrite material increases µ, although, as will be seen, µ cannot normally be 

equated to the relative permeability of material: geometry is also important.3 
• The output for a given field strength is proportional to frequency. 
• The performance of E-field antennas appears good, but in practice the full output is 

unlikely to be realisable because of the very high source impedance. 
 
Before progressing further, we should briefly consider the various components of the equivalent 
series resistance, or ESR.  A much more complete treatment of the subject is presented in [1], and 
the following formulae are quoted from that source. 
 
In an ideal world, the only contribution to the ESR would be the radiation resistance of the coil.  
Optimum system noise performance is obtained by matching the ESR to the input impedance of 
the following amplifier.  However, [1] states that the radiation resistance for a single turn is given 
by     Rr  = 197 Cλ

4  Ω , 
where Cλ is the ratio of the circumference to the wavelength.  This is negligible for any normal 
dimensions and will be swamped by the loss resistance RL resulting from the skin effect: 
     RL  = Rr 3430 / {C3 fMHz

3.5 d }  Ω per turn, 
where C is the circumference in metres and d is the diameter of the wire in metres  As explained 
in the next section, a consequence of this statement is that the noise performance can never be 
good.  Loop antennas are only acceptable at MF because atmospheric noise is so great. 
 
Finally, if a ferrite material is present, the Q cannot exceed the ratio of the real (µr') to imaginary 
components (µr") of the complex permeability.  The equivalent resistance Rf is given by 
     Rf  = ω0 L (µr"/µr') . 

                                                 
2  This statement is a slight approximation. 
3  It might seem that an H-field antenna could be made arbitrarily good by increasing the number of turns and the 

permeability of the material.  However, doing this also increases the self-inductance, and hence reduces the 
resonant frequency for a given value of tuning capacitor. 

ESR L

CVH ~Q VH

Resonant angular frequency ω0 is 
given by ω0

2  =  1/ LC. 
 
Quality factor Q is given by ω0 L/ 
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4. Why Aim for a High ‘Q’? 
 
One of the comments made about the draft version of this report may be paraphrased as follows: 
‘You have taken it for granted that a high Q is a “good thing”; surely it is more important to aim 
for the best possible noise performance?’  The implied question is worth answering. 
 
The first reason for adopting a high Q is that traditional receivers rely heavily on the selectivity of 
the antenna.  A typical arrangement is to convert the signal down, in a single stage, to an 
intermediate frequency (IF) of about 465 kHz.  If the incoming signal is at 20 MHz, and the Q is 
an optimistic 200, the 3 dB bandwidth of the antenna is 100 kHz.  The image response is 
separated from the wanted signal by twice the IF — say 1 MHz — and is attenuated by only 
26 dB.  A lower Q results in an even worse performance.  Of course, with the advent of DRM, 
there is an opportunity for better receiver design.  Even so, selectivity might still be desirable to 
avoid problems being caused by strong out-of-band signals. 
 
The second reason is that a high Q usually does give the best noise performance.  Firstly, consider 
an ideal antenna where losses such as the skin effect are negligible.  This will possess a radiation 
resistance Rr, and we may suppose that the following circuitry presents a load Rl.  For the 
moment, we are not concerned with the following amplifier stage. 
 
 
 
 
 
 
 
 
 

Figure 4.1: Equivalent Circuit of an Ideal Antenna and Load 
 
The ratio of noise voltage to signal voltage at the input to the amplifier is straightforward to 
calculate.  The signal voltage S and each of the two noise voltage contributions are divided by the 
action of Rr and Rl.  Because the noise contributions are uncorrelated, their mean square voltages 
must be added to give the overall mean square noise voltage N2: 
  S = VH Rl / (Rr + Rl ) and N2 = {VNr Rl / (Rr + Rl )}2 + {VNl Rr / (Rr + Rl )}2; 

and so  (N/S)2 =  {(4kTBRrRl
2) + (4kTBRlRr

2) / (VH Rl)2  =  (4kTBRr /VH
2) (1 + Rr /Rl) . 

A plot of (N/S)2 as a function of Rl /Rr appears as below: 
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Figure 4.2: Noise Figure Plotted as a Function of Load Resistance 

In the absence of load Rl , the signal voltage at the 
input to amplifier A is VH . 
The RMS noise voltage VNr due to the radiation 
resistance Rr is √(4kTRr B), where k is Boltzmann’s 
constant, T is the absolute temperature and B is the 
system bandwidth. 
Similarly, the RMS noise voltage VNl due to Rl is 
√(4kTRl B).

Rr 

VH ? 

Rl

A VNr 

VNl 

This plot of (N/S)2 can be 
taken as the noise figure F of 
the circuit, since the constant 
factor 4kTBRr /VH

2 equals the 
ratio of available noise power 
to available signal power, and 
represents the best perform-
ance theoretically achievable.
 
F approaches 1 for large Rl . 
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‘Matching’ the antenna by making Rl equal Rr results in a noise figure of 2, and clearly does not 
result in the best possible performance.  Of course, Rl is not necessarily an actual resistor placed 
across the antenna output; it could be the dynamic impedance of a tuned circuit. 
 
Where the following amplifier introduces noise, it becomes doubly important to maximise S by 
making Rl as large as possible.  A typical amplifier for use up to 30 MHz can be modelled as an 
ideal device with a noise voltage in series with its input.  If this is true, it is obvious that the effect 
of the noise is minimised by maximising the signal input.4  The situation is helped by designing 
the antenna circuit to possess a high Q: a Q of 100, for instance, results in the signal voltage being 
magnified 100 times.  Since the noise voltage associated with Rr increases by the same factor, the 
noise figure at the input to the amplifier does not change as a result. 
 
Real electrically-small antennas are very inefficient.  Suppose we take the frame antenna below: 
 
 
 
 
 
 
 
 

Figure 4.3: An Example of a Frame Antenna 
 
The radiation resistance Rr was calculated from the formula given in the previous section, whilst 
the loss resistance is simply the inductive reactance divided by Q.  If the figure for Rr is correct, 
the noise power associated with the loss resistance exceeds that due to the radiation resistance by 
a factor of 14,000, or 41 dB.  That seems like a disaster until external noise is taken into account: 

Figure 4.4: Excess Atmospheric and Man-Made Noise [9] 
 
Atmospheric and man-made noise is at least comparable to the noise introduced by losses within 
the antenna.  The antenna is good enough!  Note that, where the losses in the antenna are 
substantial, a larger Q implies lower losses and hence lower noise.  This was not true for the ideal 
antenna originally considered. 

                                                 
4  We are assuming that the input impedance of the amplifier is very high.  If so, there can be no input noise current. 
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5. Ferrite Rod Antennas 
 
 The ferrite rod antenna is a special case of the general magnetic field antennas just discussed.  As 
mentioned in the introduction, ferrite rod antennas have been the usual method of receiving LF 
and MF transmissions for some 40 years — at least in portable sets.  Typically, the rod itself is 
about 140 mm long and 10 mm in diameter, and is made of a substance possessing very high 
relative permeability.  A standard value for use at LF and MF is 800, but the range covers 20 to 
10,000 at least. [2] and [3]  Generally, the higher the permeability, the lower the useful maximum 
frequency: above that frequency, the material rapidly becomes lossy.5  The characteristics shown 
below are for Neosid material F14: [4] 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: Manufacturer’s Data for Neosid F14 Material 
 
More will be said about the material characteristics, but note both the large temperature 
dependence and the increase of ‘imaginary’ permeability, or loss, with frequency. 
 
A coil of fine wire, forming a solenoid of typical length 25 mm, is wound around the rod.  Since 
the coil forms part of a tuned circuit, some adjustment of the self-inductance is desirable; hence 
the coil is often wound on a former which can slide along the rod.  The self-inductance is greatest 
when the coil is at the centre of the rod.  When the correct position has been found, the former is 
locked in place with beeswax.6  There is often a smaller, closely coupled, coil whose purpose is to 
feed the signal to a low-impedance device without seriously damping the tuned circuit. 
 
The effect of the rod is complicated.  As hinted above, the presence of the rod increases the self-
inductance of the coil.  Also, of course, it increases the sensitivity of the antenna to external 
magnetic fields, but not usually by the same amount.  It is useful to define the following terms: 
 

Term Definition Comments 
l /d Ratio of rod length to diameter. The ‘geometry’ of the rod. 
µr Relative permeability of rod material. Can be divided into ‘real’ and ‘imaginary’ 

components µr' and µr" respectively. 
µrod Relative ‘rod’ permeability: the effective magnification of 

an external magnetic field µ0H. 
Equivalent to the magnification of the 
induced signal voltage VH. 

µcoil Relative ‘coil’ permeability: the effective magnification of 
a self-generated magnetic field. 

Equivalent to the magnification of the self-
inductance L. 

Table 5.1: Definitions of the Various Terms Used in This Report 

                                                 
5  This property may be helpful.  Ferrite beads are often used to remove high-frequency interference, and to prevent 

parasitic oscillations.  At low frequencies, the bead adds a small amount of series inductance; at higher frequencies 
it appears as resistance of perhaps a few hundred ohms. 

6  An alternative is to fix the coil and adjust the inductance by means of a sliding collar which contains a shorted turn.  
Moving the collar towards the coil reduces the self-inductance. 
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The increase in sensitivity to external fields is characterised by µrod .  If the rod is very long in 
comparison to its diameter (l/d → ∞), µrod equals the relative permeability of the material, µr .  
However, for typical lengths (l/d ≈ 15), µrod is mainly determined by l/d, and is almost 
independent of µr, as the manufacturer’s information below shows: [3] 

 
For l/d = 15 and µr = 250, the relative rod permeability is about 80.  If µr were infinite, the value 
would only be slightly greater than 100.  According to Figure 5.1, µr varies by a factor of 2:1 over 
75°C.  Such a temperature coefficient makes it fortunate that, for practical values of l/d, µr has 
only a remote effect on µrod . 
 
The self-inductance of the coil is important because it determines the resonant frequency of the 
antenna tuned circuit.  Once again, the relative coil permeability, µcoil , approaches µr for very 
long rods.  However, for typical values of l/d, µcoil is much less than µrod .  The reason is that the 
presence of the rod concentrates the magnetic field, but then introduces a large effective air-gap.  
It is easy to visualise the rod being bent round to form a toroid, in which case µcoil ≈ µr , and then 
being straightened out, the air-gap increasing in the process. 
 
Analytical calculations of µcoil and hence inductance are very difficult, except in the simplest of 
circumstances.  One possibility is to carry out a computer simulation using the ‘method of 
moments’7, as one brave researcher has done. [5]  However, if this is done, it is very wise to 
check the results against practical measurements.  Sometimes, manufacturers provide so-called AL 
values for their ferrite rods — presumably also obtained by measurement.  An AL value is 
(normally) defined as the coil inductance in mH for 1000 turns.  The actual inductance is 
calculated on the assumption that inductance is proportional to the square of the number of turns.8 

                                                 
7  This involves dividing the ferrite rod (for instance) into a large number of pieces, each of which can be treated in a 

simple way.  The pieces are then joined together in a way that respects their boundary conditions. 
8  This assumption is close to the truth when the ferrite rod is present, but certainly not so for long coils or solenoids 

in the absence of a rod.  The difference in behaviour between the two situations is one reason for the complicated 
dependence of µcoil on the various rod and coil parameters. 

 
For small l /d, the effective 
permeability approximates to 
µrod = (l /d)5/3 + 2.5 , for µrod <<µr . 
 
For large l /d, µrod ≈ µr . 
 
The following modified value of µrod  
— µrod’ — is a good approximation 
for all values of l /d: 
µrod' = (µrod × µr ) / (µrod + µr ). 

Figure 5.2: Effective Permeability for Different 
Material Permeabilities and l /d Ratios 

µ r
od
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Unfortunately, the quoted AL values are not necessarily helpful.  Those listed in [3] assume that 
the coil is ‘closely wound in 22 gauge wire, placed in the centre of the rod, and covering nearly 
the entire length’.  Obviously, the last of these of these conditions cannot apply to an HF coil 
containing only a few turns.  The reference provides a corrected µ for shorter coils: 
     µcorr ≈ µe 3√ (lr / lc ), 
where (lr / lc ) is the ratio of rod to coil lengths.  However, the formula cannot work for very short 
coils; what is more, it is not clear whether µe refers to µrod or µcoil . 
 
The appendix of this report provides an inductance calculator, derived as follows.  The inductance 
of the coil alone is calculated from one of Wheeler’s empirical formulae.  Although ‘Wheeler’ has 
little theoretical justification, it is ‘tried and tested’ and can be used with confidence.  Following 
that, the inductance is multiplied by µcoil from the computer simulation [5].  Since the simulation 
is not ‘tried and tested’, the predictions are checked, where possible, against experimental data. 
 
Experimental results will be presented later.  However, a typical value of µcoil for a short coil is 8 
— only a tenth of the value of µrod .  We can now estimate how much good a ferrite rod does.  If 
we assume that the inductance of the coil needs to be the same after inserting the rod, the number 
of turns must be reduced by a factor of √8.  This, of course, reduces the induced signal voltage by 
the same factor.  On the other hand, the induced signal voltage is increased by 80 times, thanks to 
µrod .  Overall, the signal level is increased by 80 / √8 times, or a factor of about 28.9 
 
6. Experimental Arrangements 
 
In order to check the information gained so far, some lab measurements were made.  Two 
different ferrite rods were available: firstly, a typical MF antenna rod, 140 mm long and 9.3 mm 
in diameter, made of F14 material; secondly, a very large HF rod, 200 mm long and 30 mm in 
diameter.10  The material of the second rod was not known for certain, but µr was probably 125, as 
this is a standard value.  A few turns of wire were wrapped around the rod, so that self-inductance 
of the resulting coil was about 4 µH — a suitable value for use at HF.  A component bridge was 
available for measuring inductance accurately at any frequency below 13 MHz.  It could also 
measure the equivalent series resistance (ESR), but not so reliably since the much greater 
inductive reactance tended to swamp the result. 
 
For measuring the performance of the antennas, a signal generator and Meguro test loop were 
used as follows: 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1: Use of the Meguro Test Loop for Assessing Antenna Performance 

                                                 
9  With the more usual MF antennas, where the coil is longer, the increase in signal level would not be as great. 
10 The rod was taken from a direction-finding apparatus for use at frequencies up to 30 MHz. 

Signal Generator 

Meguro Test Loop, 
Radius b 

Ferrite Rod

Coil

Distance z

Detector



  9 

If a current I flows through the test loop, the field generated is given by 
    Hz = (I b2 /2) / (b2 + z2 )3/2  ≡ E /120 π , 

where the radius b is 0.125 m and distance z is traditionally 0.6 m.  The loop includes a series 
resistor of 86 Ω.  This, together with a generator source impedance of 50 Ω, gives rise to a 
magnetic field whose equivalent electric field E is 10 mV/m when the generator EMF is 100 mV.  
During the tests, z was made somewhat greater, to reduce variation of the field over the length of 
the rod.11  The spreadsheet of Appendix 1 makes it easy to calculate Hz , and to predict the 
induced EMF in a coil. 
 
The predicted EMF is given by 

    EHU = N  (µrod µ0 )  Hz  (πr2 )  (2πf ) , 
where N is the number of turns, (µrod µ0 ) is the permeability of the medium, (πr2 ) is the area of 
the coil, and (2πf ) is the angular frequency.  Of course, µrod is unity where the ferrite rod is 
absent.  EHU was measured by connecting the coil directly to the input of a spectrum analyser, 
since typical values were too small to be seen on a scope.  The source impedance of the coil, 
j (2πf ) L , was then comparable to the 50 Ω load impedance, and had to be taken into account.  
Again, the spreadsheet performs the necessary calculations. 
 
A final practical point is the choice of frequency.  It might seem desirable to measure HF antennas 
at the top end of their working range.  However, at such frequencies, the Meguro test loop 
generates appreciable E fields, despite being screened.  Spurious pick-up then spoils the results.  
A second reason for using lower frequencies is that the source impedance of the coil is lower and 
has less effect on the measured value of EHU .  Unless otherwise stated, the test frequency was 
2 MHz. 
 
7. Performance of the ‘Small’ Rod 
 
The more comprehensive set of measurements was made on the ‘F14’ MF rod: it was 
impracticable, for instance, to break up the large HF rod into smaller pieces to explore the effect 
of varying l/d.  Spreadsheet ‘A’, as described in the Appendix, was used to predict both the self-
inductance L and the induced signal level EHU; the hope was that these would agree with the 
experimental values.  Where relevant, values of µcoil and µrod are quoted from Spreadsheet ‘B’, the 
computer simulation of [5].  It is only possible to check these values by inference, as the 
spreadsheet does not present actual values of L and EHU. 
 
The relevant parameters entered into the spreadsheet are given below.  Details of the generating 
loop are shown in Appendix 1. 
 
 
 
 
 
 
 
 
 
 

Figure 7.1: Parameters Associated with the ‘Small’ Rod 
                                                 
11 The distance of 0.6 metres is specified in British Standard 4054 [8].  However, the Meguro loop itself does not 

conform to this standard.  Note also that the manufacturers of the loop quote a simplified formula for Hz , which 
ignores the presence of b2 in the denominator.  The resulting error is about 6%. 
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The two spreadsheets agree well on the rod permeability — which is comforting, as ‘A’ bases its 
calculations on manufacturer’s data, whereas ‘B’ performs a simulation.12  There is also good 
agreement on coil permeability, but this is not surprising as ‘A’ was intentionally designed to 
match ‘B’.  Whether ‘B’ is correct can only be confirmed by experiment. 
 
Perhaps now is the time to own up to a small amount of ‘cheating’.  ‘B’ makes an allowance for 
the coil and rod diameters being slightly different.  It does this by giving a modified value of µcoil , 
but leaves µrod unchanged.  Instead, it gives a ‘pick-up correction factor’ which decreases as the 
ratio of coil diameter to rod diameter increases.  The easier approach, adopted by ‘A’, is to take 
the coil diameter as being equal to the rod diameter.  Provided that the rod is actually present, the 
errors introduced are very small, but the true coil diameter should always be entered if the rod is 
absent.13 
 
Position of Coil on Rod 
 
Figure 7.2 below shows the relationship between output voltage and position of the coil on the 
rod.  ‘0.5’ corresponds to the coil being placed centrally, whilst 0.0 and 1.0 correspond to it being 
at either end.  The dark blue curve was calculated using Spreadsheet ‘B’, and amounts to the 
‘correction factor’ given for ‘coil position and size’; the actual measurements are given by the 
pink curve. 

If µrod is taken as 85.8 — the 
‘empirical’ value quoted by 
‘B’ — the calculated and 
measured levels agree closely.  
(A relative value of 1 
corresponds to an absolute 
value of –71.7 dBm into an 
open circuit.)  However, the 
‘calculated’ values of µrod 
from ‘A’ and ‘B’ result in a 
level about 1.9 dB lower.  
 
Note that the measured results 
are slightly skewed towards 
coil position 1.  This is 
probably because the coil was 
being moved closer to the 
generating loop. 

Figure 7.2: Variation in Output as a Function of Coil Position 

                                                 
12 In fact, Spreadsheet ‘B’ also provides an empirically derived value, in this case 85.8. 
13 Ignoring the difference between coil and rod diameters seems a reasonable thing to do, since the rod is responsible 

for most of the magnetic flux linkage.  In any case, it is normal for the coil and rod diameters to be nearly the same.  
The ‘large’ HF rod is an exception to the rule, thanks to its unusual construction — it possesses a sleeve of 
approximate thickness 2.5 mm. 
Spreadsheet ‘B’ gives a second correction factor, determined by the coil size and position.  This factor affects the 
signal level, and is effectively a multiplier for (the constant) µrod .  Provided that the coil is near the centre of the 
rod, the factor is very close to unity.  µcoil is calculated separately, and is not subject to a correction factor: µcoil 
varies with coil size and position.  It is not clear why µcoil is taken as a variable, whereas µrod is a constant with an 
effect that depends on a correction factor. 
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Figure 7.3 below shows the exercise being repeated for the coil inductance.  Measurements were 
more difficult to make, as the inductance depends on a greater number of factors.  For instance, 
the coil length is now critical, whereas it made little difference to the output level.  The greatest 
difficulty was determining the inductance with the ferrite removed.  Not only was the inductance 
very small, but also the coil dimensions were unstable.  The value of 0.50 µH entitled ‘free air’ is 
taken from the empirical formula, and is at least consistent with the measured results. 

 
 
To obtain the ‘calculated’ curve, 
the ‘free air’ inductance of 
0.50 µH was multiplied by the 
µcoil value given by ‘B’.14  The 
‘measured’ curve represents the 
experimental values minus the 
0.16 µH associated with the 
connecting leads; that is, a 
measured value of 7.10 µH is 
actually plotted as 6.94 µH.15 
 
 
 
 
 

Figure 7.3: Variation of Inductance as a Function of Coil Position 
 
Spreadsheet ‘A’ gives an inductance of 7.22 µH for a centrally positioned coil.  The good 
agreement with ‘B’ is only to be expected, as A’s µcoil values were based on those from ‘B’ in the 
first place.  Of course, ‘A’ is only capable of providing results for a central coil. 
 
Ratio of Rod Length to Diameter 
 
The next series of tests involved destroying the rod!  The rod was cut in half, and one half cut in 
half again, and again, to give a variety of rod lengths: the various segments could be assembled in 
any combination and temporarily held together with tape. 
 
Figure 7.4 below shows the relationship between the output voltage and l/d.  In all cases, the coil 
was placed centrally on the rod.  The dark blue curve was derived from the ‘calculated’ values of 
µrod from Spreadsheet ‘B’, whilst the actual measurements are shown by the pink curve.  
However, normalisation was carried out on the assumption that the ‘empirical’ value of µrod was 
appropriate.  In other words, the signal levels predicted from the ‘calculated’ values of µrod are 
actually 1.9 dB lower than shown, just as was the case for Figure 7.2. 
 
Spreadsheet ‘A’ was also capable of calculating µrod, and hence the output level, as a function of 
l/d.  The results are not shown in Figure 7.4 because they were practically the same as those 
derived from ‘B’. 
 

                                                 
14 Spreadsheet ‘B’ actually offered two values of µcoil — for ‘long’ and ‘short’ coils; the ‘short’ coil value was used here. 
15 The inductance of the interconnections was measured by removing the rod and the squashing the coil flat! 
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The measured output level is 
approximately proportional to 
the length of the rod, and 
agrees well with the predictions 
of the spreadsheets.  
Differences between the 
calculated and measured values 
are within a dB, and are easily 
attributable to experimental 
error.16  It is obvious from the 
plot that even a short rod has a 
powerful effect on the output 
level. 
 
 
 

 
Figure 7.4: Variation in Output as a Function of Rod Length to Diameter 
 
Figure 7.5 below shows the results for the coil inductance.  As before, the ‘free air’ and ‘lead’ 
inductances have been taken as 0.50 µH and 0.16 µH respectively.  The second set of ‘calculated’ 
results, in light blue, are those predicted by Spreadsheet ‘A’.  An awkward question is whether to 
use the ‘long’ or ‘short’ coil values from ‘B’.  Where l/d is large, as it normally is, the ‘short’ 
value is appropriate.  However, for small l/d, the ‘long’ value may be better.  ‘B’ does not give 
any clues as to where the crossover point is, and unfortunately changing from ‘short’ to ‘long’ 
would result in a discontinuity in the plot.  Hence the coil has been assumed ‘short’ throughout.  
The possible error is between 5% and 10%.  Agreement between the two sets of ‘calculated’ 
results and the ‘measured’ values is at least reasonable. 

 
The ‘Calculated “A”’ results 
are taken from the 
spreadsheet introduced in the 
Appendix.  Slight incon-
sistencies in the three sets of 
results arise from uncertainty 
in various parameters such 
as the free air inductance and 
the length of the coil. 
 
 
 
 
 
 
 

Figure 7.5: Variation of Inductance as a Function of Rod Length to Diameter 

                                                 
16 For instance, between measurements the rod and coil must be taken apart, reassembled, and placed at the same 

distance from the loop as before.  Also, the signal levels involved are quite low and difficult to measure.  In 
particular, the ‘free air’ value at about –109 dBm was swamped by pick-up of the small electric field associated 
with the loop.  This pick-up could be deduced by ‘squashing’ the coil, so reducing its cross-sectional area and 
hence the ‘legitimate’ pick-up of the H-field. 
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Ratio of Coil Length to Rod Length 
 
Another subject of interest is how the effective permeability µcoil depends on the coil length.  
Unfortunately, measurements are difficult to make, as the only practicable way of altering the coil 
length is to change the number of turns.  Doing this obviously affects the inductance irrespective 
of any change in µcoil.  All that can be done is to use Spreadsheet ‘B’ to provide some calculated 
results, and then to perform a ‘reality check’ at one particular coil length. 
 
Reference [1] gives the following formula for the coil inductance: 

    L = N2 (µrod µ0 ) (πr2 ) /lcoil , 
where N is the number of turns, (πr2 ) is the area of the coil, and lcoil is its length.  The formula is 
only appropriate for ‘long’ coils which occupy most of the rod.   Readers may recognise this as 
the standard formula for the inductance of an infinitely long solenoid, but with the relative 
permeability taken as µrod.  The implication is that µcoil ≈ µrod.  Figure 7.6 below shows the 
predictions of ‘B’ for an l/d of 15: 

 
The ‘long’ and ‘short’ coil 
calculations agree reasonably 
well, provided that lcoil /lrod is 
below 0.4.  Clearly, the coil is 
‘long’ above this. 
 
For a coil that occupies most of 
the rod, taking µcoil as µrod is a 
reasonable approximation.  For 
the shorter coils of interest at 
HF, µcoil is much smaller, 
eventually falling to about 
µrod/8 — a result already 
checked experimentally. 
 

Figure 7.6: Variation of Permeability as a Function of Coil Length 
 
There is also a slight change of output level: a full-length coil provides about 0.75 times the 
output of a short coil.17 
 
It is clearly advantageous to keep the coil short.  Because µcoil is small, more turns are needed for 
a given inductance; hence the output level is greater.  Also, the output level is the full amount 
appropriate to µcoil, and is not reduced by end-effects (although these are relatively small). 
 
Ratio of Coil Diameter to Rod Diameter 
 
Finally, the effect of increasing the coil diameter alone was measured.  This aspect is perhaps of 
limited interest, as the coil is normally wound directly on the ferrite rod — the ‘large’ rod 
discussed in the next section is an exception.  The coil diameter was adjusted over the range 9.3 to 
12.3 mm by adding layers of insulation tape to the rod before winding the coil.  Doing this made 
no measurable difference to either the self-inductance or the output level.  The implication is that 
the ‘coil radius’ entered in Spreadsheet ‘A’ should actually be the rod radius. 

                                                 
17 This result might appear bizarre: a shorter coil appears to provide a greater output than a long one.  However, 

remember that the longer coil also possesses more turns. 
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8. Performance of the ‘Large’ Rod 
 
The ‘large’ rod was of impressive dimensions: 200 mm long and 30 mm in diameter.  It originally 
formed part of an HF direction-finding apparatus.  Why the designers wished to use something so 
enormous is not clear.  Although its use in a portable receiver would not be popular with either 
the manufacturer or the owner, its performance is still interesting.  The rod material was not 
known for certain, but µr has been taken as 125, since this is a standard ‘HF’ value.  Fortunately, 
as already discussed, the rod and coil effective permeabilities depend more on geometry than on 
µr. 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.1: Parameters Associated with the ‘Large’ Rod 
 
Position of Coil on Rod 
 
Figure 8.2 below shows the relationship between output voltage and position of the coil on the 
rod.  As before, ‘0.5’ corresponds to the coil being placed centrally, whilst 0.0 and 1.0 correspond 
to it being at either end.  The measured values have been normalised by taking µrod as the 
‘empirical’ value of 36.1, for which the predicted absolute output level is –68.0 dBm. 

 
Agreement between the 
calculated and measured levels 
is not as good as it was for the 
‘small’ rod — the measured 
level is about 2 dB greater than 
predicted.  In part, at least, the 
discrepancy can be explained by 
the magnetic field not being 
constant over the length of the 
rod.  If the distance from the 
generating loop is taken as 
900 mm, corresponding to the 
closer end of the rod, the field 
strength is about 3 dB greater. 
 
 
 

Figure 8.2: Variation in Output as a Function of Coil Position 
 
The advantage of 3.7 dB over the ‘small’ rod seems disappointing.  However, as shown overleaf, 
the inductance is less than before.  Increasing it to the same value by adding the appropriate 
number of turns would give an overall advantage of about 6 dB. 
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Figure 8.3 below shows the results for the coil inductance.  Once again, the ‘free air’ inductance 
of 0.79 µH is taken from the empirical formula, and the lead inductance is assumed to be 0.16 µH. 

 
To obtain the ‘calculated’ 
curve, the ‘free air’ inductance 
was multiplied by the ‘short 
coil’ µcoil value given by ‘B’.  
The agreement with the 
measured results is not perfect: 
the ‘measured’ curve is flatter 
than predicted.  Without 
knowing more about the 
construction of the rod and the 
assumptions made by the 
model, it is not possible to say 
why.  However, the model is 
still good enough to be useful. 
 
 

Figure 8.3: Variation of Inductance as a Function of Coil Position 
 
9. Inductor Quality Factor 
 
The work so far has shown how the performance of an untuned ferrite rod antenna may be 
predicted with a reasonable degree of accuracy.  No mention has been made of losses within the 
system, since they are too small to be of any significance.  For instance, if the losses — ESR in 
the diagram below — were taken to be 1 Ω, the output measured into a 50 Ω load would be 
reduced by less than 0.2 dB.18 
 
 
 
 
 
 
 

Figure 9.1: Untuned and Tuned Ferrite Rod Antennas 
 
More usually, the antenna is tuned by adding a resonating capacitor.  In that case, the ESR is very 
important, as it determines the factor by which the induced EMF VH is multiplied.  This quality 
factor, Q, equals ω0 L/ R, where ω0 is the angular resonant frequency of the tuned circuit.  The 
ESR can be calculated with the help of the formulae quoted in Section 3, but is very difficult to 
measure with any ordinary component bridge.  It is better to connect the antenna to a high-
impedance measuring instrument and determine the 3 dB bandwidth.  Q is then given by 
   Q = f0 / (f–3dB2 – f–3dB1 ) ,  ≈ 2 (f–3dB2 + f–3dB1) / (f–3dB2 – f–3dB1) , 
where f0  is the resonant frequency of the tuned circuit, and f–3dB2 and f–3dB1 are the two 
frequencies at which the response has fallen by 3 dB.19 

                                                 
18 1 Ω is a generous estimate of the ESR.  What is more, the reactance of L is likely to be significant, so reducing the 

effect of the ESR even further. 
19 An alternative is to measure the output across the inductor, with and without the resonating capacitor.  The ratio of 

the two values gives Q. 

 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

0 0.25 0.5 0.75 1
Coil Position

In
du

ct
an

ce
 (u

H
)  

Calculated 

Free Air 

Measured 

ESR L 

C VH ~Q VH

R

ESR L 

(50 Ω) VH ~VH

R 



  16 

Three antennas were made as illustrated below, and their Qs measured over the frequency range 
2 MHz to 30 MHz: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.2: The Three Antennas Tested 
 
Because of the wide frequency range, both the number of turns and the resonating capacitors had 
to be changed.  The input impedance of the scope was low enough to damp the tuned circuit, even 
when buffered with a ×10 probe; hence the need for a coupling coil.  Full details of the various 
parameters are not quoted alongside the results below, as generally they did not make much 
difference.  For instance, a particular resonant frequency could be maintained by doubling the 
number of turns and quartering the capacitor value.  The measured Qs, before and after, would be 
nearly the same. 
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Figure 9.3: The Qs of the Three Antennas

The ‘improved’ frame antenna was made from 
2 turns of 1.5 mm enamelled copper wire, 
tapped at 1/3 turn.  It was tuned with an air-
spaced ‘beehive’ trimmer capacitor of 30 pF 
maximum capacitance.  Similar results were 
obtained with a (fixed) polystyrene capacitor. 
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All three antennas achieve respectable Qs at low frequencies.  However, it is disappointing that 
their performance at higher frequencies bears little relationship to the predictions of Spreadsheet 
‘A’.  In the case of the ‘small’ rod, the Q should equal the ratio of µr' to µr", where µr' and µr" 
are as shown in Figure 5.1.  In fact, the measured Q is rather better: at 4 MHz, it is still close to its 
maximum value of 140, whereas it should have fallen to about 20.  What is more, there is a long 
‘tail’ above 12 MHz, where the Q remains at around 20 instead of falling to unity.  It is possible 
that the ferrite material was not Neosid F14 as supposed, or it could be that manufacturing 
tolerances were to blame. 
 
The ‘large’ rod performs better at high frequencies, but the material is still too lossy for the 
antenna to be useful above 15 MHz.20  As the material is unknown, Spreadsheet ‘A’ cannot 
provide figures for the predicted performance. 
 
However, the true winner of the contest is the frame antenna.  When the antenna was made of thin 
PVC-insulated flex, its Q was not spectacular at low frequencies, but held up well at high 
frequencies.  The second, pink, plot shows the impressive improvement gained by using 1.5 mm 
enamelled copper wire instead.  An air-spaced ‘beehive’ trimmer capacitor was substituted for the 
range of fixed polystyrene capacitors, but without significant effect on the performance.  The 
rapidly decreasing Q above 23 MHz is something of a mystery.  It cannot be explained either by 
radiation resistance, which should be negligible, or by skin effect, which has only slight frequency 
dependence.21  Possibly, losses occur as a result of interaction with the external environment: 
suspending the loop as far as practicable from other objects gave a further increase in Q. 
 
In summary, the frame antenna has much to commend it.  It is cheap and simple to make, and can 
provide a high Q.  There is probably no way of maintaining the Q to the top edge of the band, as 
losses in the environment seem inevitable.  A likely offender in that respect would be the structure 
of the receiver itself.  Perhaps Spreadsheet ‘A’ could be developed to include a more realistic 
model for the high frequency losses. 
 
10. Relative Effectiveness of the Antennas 
 
When it comes to making a choice of antenna, the Q is not the only important factor.  The output 
level depends directly on the flux linkage as well.  Chart 10.1 overleaf provides a comparison of 
the levels to be expected from antennas of the types just discussed: ‘small’ rods, ‘large’ rods and 
frames.  Of course, ‘large’ rods are of little more than academic interest, as they are hardly 
suitable for portable receivers. 
 
Spreadsheet ‘A’ was used to calculate the levels as follows.  The field strength was set to the 
‘standard’ 10 mV/m, or rather the equivalent 26.5 µA/m.  The dimensions of the rod or frame 
were set to the required values, and the number of turns adjusted to give rise to an inductance of 
6 µH.  It was assumed that µr' of the rod material was 125, and that the operating frequency was 
10 MHz.  Under these conditions, the spreadsheet gives reliable values for the untuned output 
levels.  Unfortunately, as Section 8 shows, the ESRs or Qs are not accurately calculable.  Hence 
the Q of each rod antenna has been taken as 150, and the Q of the frame antenna as 200 — values 
which experiment suggests are reasonable. 

                                                 
20 It might seem strange that the rod was originally intended for use up to 30 MHz.  However, in that application, the 

antenna coil was untuned, and the losses introduced by µr" would not be significant. 
21 The resistance associated with skin effect is proportional to the square root of frequency.  Since the Q for a given 

resistance is proportional to frequency, the implication is that Q should increase as the square root of frequency. 
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 ‘Small’ Rod ‘Large’ Rod Frame 
 9.5 mm diameter 25 mm diameter 100 mm breadth 

Length (mm) 35 50 50 
Turns 10.88 6.31 5.90 
Level (dBm) –39.0 –32.5 –25.1 

Length (mm) 70 100 100 
Turns 9.09 5.27 4.63 
Level (dBm) –33.1 –27.6 –21.2 

Length (mm) 140 200 150 
Turns 7.89 4.29 3.98 
Level (dBm) –27.7 –21.9 –19.0 

 
Chart 10.1: Output Levels from the Different Antennas 

 
Once again, the frame antenna is the winner: it would outperform the ‘large’ rod even if the Qs 
were taken to be the same.  The trends apparent in the chart are interesting: 

• The output level of a rod antenna is nearly proportional to the rod length. 
• For a given rod length, increasing the radius of the rod antenna does not greatly increase 

the output level.  This is because the number of turns has to be reduced to maintain the 
self-inductance. 

• The output of the frame antenna increases gently as a function of its area.  Doubling the 
area increases the signal level by approximately 3 dB. 

 
11. Antenna Directivity 
 
The practical design of the antenna depends on how important directivity is felt to be.  An ideal 
H-field device exhibits a figure-of-eight pattern, with the sensitivity varying as the cosine of the 
angle made with the field.  However, because the antenna is tuned, its circuitry possesses a very 
high impedance and is therefore susceptible to E-field pick up; that is, the loop doubles as a short 
whip antenna.  The result is a distorted response: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.1: E-Field Pick-up and Antenna Directivity 

H θ 

Rod Coil or loop

Plane of coil θ 

The length of the vector represents the output level of the 
antenna.  An ideal antenna behaves as shown in the 
upper diagram, whereas E-field pick-up results in a 
distorted response such as that in the lower diagram. 

θ 
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The exact shape of the polar response depends on both the ratio of the E-field to H-field pick-up 
and the relative phase.  If the component due to the E-field is a problem, electrostatic screening of 
the coil is possible, although it is important to avoid creating a shorted turn.  Also, the additional 
capacitance between the coil and earth could be a nuisance. 
 
Another possibility is to neutralise the E-field pick-up by using a balanced circuit configuration: 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.2: Cancellation of E-Field Pick-up 
 
The author has also seen a ferrite rod antenna design where the output from a plate (E-field) 
antenna was deliberately coupled into the coil, with the aim of cancelling out the E-field pickup. 
 
12. Conclusion 
 
This report has looked at the design of loop and ferrite rod antennas, and has provided a model to 
assist with the discussion.  The model successfully calculates both the self-inductance and the 
untuned output level of the antenna: predictions and measurements agree well.  However, 
calculation of the tuned output level requires knowledge of the equivalent series resistance of the 
antenna coil, and it seems that this can only be determined by experiment.  In the case of the loop 
antenna, skin effect and radiation resistance alone would result in greater Qs than actually 
measured.  More work is required to explain the results. 
 
If the choice is to be between a loop and a ferrite rod antenna at HF, the loop has much to 
commend it.  The loop tested during the writing of this report was of modest size — 150 mm by 
100 mm, and yet it outperformed an unrealistically large ferrite rod antenna.  Such a loop also has 
the virtues of light weight and cheapness.  A possible problem is that the loop would have some 
sensitivity to metalwork placed within it — a factor that would have to be considered in a 
practical design.  Although the loop appears to be the better choice, a ferrite rod would certainly 
be usable where space is limited.  If a rod is chosen, there seems little advantage in using one of 
large diameter: length is more important. 
 
As H-field antennas are naturally of fairly low efficiency, thought must be given to the effects of 
spurious E-field pickup.  The resultant distorted polar response may or may not be a problem.  If 
E-field pickup is undesirable, it may be reduced either by electrostatic screening or by adopting a 
balanced circuit configuration. 
 
Another interesting topic for investigation is the use of more than one antenna, either to provide 
diversity reception or to provide a particular polar response.  The author hopes that work can 
continue! 

Differential 
Amplifier 

+
–

Output 
½VE – ½VE = 0 

½VE 

½VE 

E-field pickup 
Note that both plates of the tuning capacitor in 
this configuration are ‘live’.  This is not a 
problem if the tuning is to be carried out 
electronically, by varactor diodes, but is more 
awkward if the capacitor is mechanical. 
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15. Tools 
 
The Excel spreadsheet is available here:  
http://www.bbc.co.uk/rd/pubs/whp/whp-pdf-files/whp091excel.xls 
 

http://www.bytemark.com/products/rod1.htm
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http://www.bbc.co.uk/rd/pubs/whp/whp-pdf-files/whp091excel.xls
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Appendix 1: The Spreadsheet Calculator 
 
This spreadsheet was designed to allow easy comparison of different receiving antenna types, and 
in particular to determine whether ferrite rods are useful at HF.  Both the self-inductance and the 
output voltage are calculated.  A simulated test loop is included, so that the predicted results can 
be checked against laboratory measurements.  Although the use of the spreadsheet should be 
fairly self-explanatory, some guidelines are given below.  The internal calculations are also 
discussed. 
 

A1.1 Generating the Field 
 
The diagram below shows how details of the generating loop are presented.  Parameters in 
blue are adjustable, whilst those in red are calculated. 
 
 
 
 
 
 
 

Figure A1.1: Generating Loop Characteristics 
 
The loop can be either circular, in which case the radius is entered, or rectangular, when 
the length and breadth should be entered instead.  If the loop is rectangular, the 
spreadsheet calculates the radius of the circular loop that would possess the same area.  
The field is calculated from the standard formula 
    Hz = (I b2 /2) / (b2 + z2 )3/2, 
where I is the current, b is the radius of the loop, and z is the axial distance from the 
loop.22  As the Meguro test-loop [6] is a standard means of generating the field, the figures 
shown above relate to this.  However, they are easily changed.  A series or ‘swamp’ 
resistor is included so that the self-inductance of the loop has a negligible effect on the 
loop current.23 
 
Two final points:  Firstly, although the generating and receiving loops are normally 
coaxial, it is sometimes more convenient for them to be coplanar.  In that case, the field 
strength is halved.  The spreadsheet allows either configuration.  Secondly, it is 
conventional to quote the equivalent electric field strength, E.  The assumption is that E/H 
equals the impedance of free space, or approximately 120π Ω. 
 
A1.2 Receiving the Field 
 
Details of the coil used to receive the field, and hence generate an EMF, are entered as 
shown overleaf.  Once again, the coil can be either circular (for ferrite rod antennas) or 
rectangular (for frame antennas).  Although the geometry of the loop and the diameter of 

                                                 
22 For a derivation of this formula, see [7], for instance.  For the case of a rectangular loop, the use of an ‘equivalent 

radius’ gives a very slight error. 
23 The strange value of 86 Ω included with the Meguro loop gives an equivalent electric field of 10 mV per metre at 

a distance of 0.6 metres, when the generator source impedance and EMF are 50 Ω and 1 V respectively.  Ours not 
to reason why!  The generator power quoted in the spreadsheet is that which would be dissipated in a 50 Ω load; 
that is, it corresponds to the level displayed by the generator. 

Generating Loop Details 
Radius  or Length  & Breadth Axial = 1 Turns Power Swamp R Distance Field

(mm) (mm) (mm) Planar = 2 (dBm) (Ω) (mm) (uA/m)
125 1 1 10.0 86 1000 79.37
Effective radius 125 0.010 1.414 10399 29.92

(mm) (W) (EMF) (uA) (mV/m)
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its wire do not directly affect the calculation of EMF, the same is not true for the self-
inductance; hence the need to enter these figures. 
 
 
 
 
 
 

Figure A1.2: Receiving Loop Characteristics 
 
A1.3 Calculating the Effective Permeability of a Ferrite Rod 
 
If a ferrite rod is being used, the length, diameter and complex relative permeability of the 
material should be entered.  The spreadsheet then calculates two effective permeabilities: 
Mu_Coil (or µcoil ) refers to the amount by which the presence of the ferrite multiplies the 
natural self-inductance of the coil; Mu_Rod (or µrod ) is the multiplier for the EMF 
generated by an external field. 
 
 
 
 
 
 
 

Figure A1.3: Ferrite Rod Characteristics 
 
Both µrod and µcoil are calculated from empirically derived formulas.  µrod is relatively 
straightforward.  The manufacturer’s information [3] suggests a simple power law 
relationship between µrod and the ratio of length to diameter: 
    µrod = (l/d)5/3 + 2.5 , for µrod <<µr . 
The constant of 2.5 is needed to give the correct value of µr when l/d is small.  Note that 
the formula suggests that the permeability of the material has no effect.  This cannot be 
true for large values of l/d, since µrod is limited by µr .  The formula is therefore modified 
as follows: 
    µrod' = (µrod × µr ) / (µrod + µr ). 
Agreement with the published figures is then good over a wide range of permeability. 
 
Calculation of µcoil is much more problematic, as it depends on both the geometry of the 
coil and of the rod — and not straightforwardly.  Furthermore, only limited information is 
available from manufacturers, and some reliance has to be placed on the Ray Cross 
spreadsheet.24 [5]  A start is made by assuming that the coil itself is very short in relation 
to the length of the rod, and that µr is very large.  If that is true, µcoil is small and 
approximately proportional to l/d.  The proportionality breaks down for larger values of 
l/d, and so there is a need to introduce a square term: 
    µcoil = (2 + l/d) { 1 – k (2 + l/d)2 } , 

where k ≈ 1/145.  This formula gives good results for l/d = 40 and below, but would 
obviously not be suitable for very large values of l/d. 

                                                 
24  Some of the predictions from the Ray Cross spreadsheet were tested in the lab with the limited materials available 

— that is, two grades of ferrite — and found to be reasonably good.  It was then assumed that the spreadsheet was 
accurate for other grades. 

Receiving Coil Dimensions (for both ferrite rod and loop antennas) 
Circular Ferrite ?
Radius or Side 1 Side 2 Length Wire Diam. Turns Area
(mm) (mm) (mm) (Y/N) (mm) (mm) (n) (sq mm)

5 y 8 0.8 8 79

Rectangular All 

Ferrite Rod Details

Length Diameter Perm. Perm. Mu_Coil Mu_Rod
(mm) (mm) Imag (ur) Re (ur) (ucoil) (urod)

140 9.3 1.25 125
Calculated figures from above 13.5 53.7
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Where µr is finite, the expression needs to be modified so that µcoil is lower when l/d is 
large.  The easiest way of doing this is to replace the constant k with k', such that 
    k' = k (1 + k"/ µr ) , 
where k" ≈ 1/150.  This modification works reasonably well for all likely values of µr and 
l/d.  However, the predicted value of µcoil is too low when µr is small and l/d large. 
 
The final correction carried out is to allow for the coil length being finite.  It is fortunate 
that, for use at HF, the coil is generally short: firstly because the calculations are easier, 
and secondly because the ratio of µrod to µcoil is maximum.  However, the same is not true 
for ferrite rod antennas designed to work at lower frequencies, and the manufacturers tend 
to give figures that assume the coil and rod lengths are comparable. [3]  Where that is the 
case, µcoil is generally much greater than implied by the above calculations. 
 
No particularly elegant method of calculating the correction factor could be found.  
However, if µ'coil is the corrected value of µcoil , and lc is the length of the coil, 
    µ'coil ≈ µcoil {1 + (lc /l ) (l/d)3/4 } . 
This works well for values of lc /l below 0.25.  The correction factor falls to zero for short 
coils, and so its scope for doing harm is limited! 
 
The ‘raw’ and corrected values of µcoil are displayed, although only the fully corrected one 
is used to calculate the signal picked up from the coil: 
 
 
 
 
 
 

Figure A1.4: Uncorrected and Corrected Values of µcoil 
 
A1.4 Calculating the Effective Self-Inductance of the Coil 
 
There are several empirical formulas available for calculating the self-inductance of a coil, 
mostly due to Wheeler.  Which one is best depends on the geometry of the coil.  Where 
the radius r is greater than the sum of the length l and thickness t, the following is 
suitable:25 
    LµH = 2.92 r N2 log10 {4.9 r / (l + c)} . 
All dimensions are in metres, and N is the number of turns.  In the spreadsheet, c is taken 
as the diameter of the wire, and l is the value of lc used previously. 
 
 
 
 
 
 

Figure A1.5: Calculated Value of Self-Inductance 
 
Finally, LµH is multiplied by µcoil to give the actual self-inductance of the coil, Lcoil . 

                                                 
25 This formula is particularly suitable for frame antennas, where r is large, and usable for HF ferrite rod antennas, 

where l is small.  Since writing the report, the spreadsheet has been modified to include a formula for solenoids, 
where l is appreciable.  The spreadsheet automatically selects the more appropriate formula. 

ur = inf 13.3 (zero coil length)
ur = actual 9.4
ur = actual 13.5 (finite coil length)

Mu_Coil Calculator 

Self-inductance 
Radius Perm. Inductance
(r mm) (u c ) (uH)

5.00 13.5 5.59 
"Grover" for single-   

turn rectangular loops 

Note: For rectangular loops, an equivalent radius is 
first calculated from the enclosed area.  Alternatively, 
the ‘Grover’ formula gives good results provided that 
there is only a single turn — unfortunately, not 
normally the case when discussing frame antennas. 
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A1.5 Calculating the Untuned Output Level of the Coil 
 
The H field has already been calculated, in Section A1.1, and in principle the EMF EHU of 
the coil is easy to determine: 
    EHU = N  (µrod µ0 )  H  (πr2 )  (2πf ) ; 
that is, the number of turns N, times the flux density µrod µ0 H , times the area πr2, times 
the angular frequency 2πf.  µ0 is the permeability of free space, or 4π × 107, and µrod was 
calculated in Section A1.3. 
 
 
 
 
 
 

Figure A1.6: Calculated Untuned Output Level 
 
This value of EHU appears under ‘Inf’ in the spreadsheet.  A value for the H field or 
equivalent E field may be entered locally in place of that calculated for the test loop. 
 
Normally, EHU is the important quantity when calculating the performance of an antenna.  
However, when checking the performance in practice, it may be necessary to use low-
impedance test equipment, for example a spectrum analyser.  The final column in Figure 
A1.5 shows the measured level for any stated impedance — 50 Ω in this case.  It is 
assumed that the output impedance of the loop j XL equals j Lcoil × 2πf .  If so, the voltage 
appearing across a resistive load R is given by 
    Vload = EU / { 1 + (2πf Lcoil )2 }–1/2 . 
 
A1.6 Calculating the Tuned Output Level of the Coil 
 
In most practical applications, the ferrite rod antenna is tuned by placing a capacitor 
across it.  Doing so increases the output voltage by a factor equal to the quality factor Q of 
the tuned circuit.  The penalty is that the antenna must now drive a high impedance.26 
 
The user of the spreadsheet may either enter Q directly, or enter an equivalent series 
resistance (ESR) instead.  Q then equals 2πf Lcoil / ESR .  Unfortunately, there is no fully 
satisfactory way of determining ESR.27  The ‘safe’ way would be to make a practical 
measurement, although doing so somewhat spoils the theoretical purity of the spreadsheet. 
 
 
 
 
 
 

Figure A1.7: Calculated Tuned Output Level 

                                                 
26 Where the tuned antenna has to drive a low impedance, a coupling coil with a small number of turns is needed.  Of 

course, the available signal voltage is then less. 
27 The latest version of the spreadsheet includes formulae for the losses associated with skin effect and radiation 

resistance.  Unfortunately, agreement with practice is not good.  The output level is quoted, perhaps misleadingly, 
in dBm as well as millivolts.  This figure equals the power that would be present if the output voltage appeared 
across a 50 Ω resistor.  Of course, the actual power is zero. 

Output Level into ? Inf 50 
E Field  or H Field Perm. Frequency Output Output 

(mV/m) (uA/m) (urod) (MHz)  (mV)   (mV)  
53.7 2 0.04 0.02 

0.00 79.37 -74.5 -79.2 
(dBm) (dBm) (Equivalent figures)

Tuned Output Level 
Capacitor ESR or Q Factor Output

(pF) (Ω )  (mV)  
1132.1 200 4.2 

0.35 100 -34.5 
(dBm) 
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When the ferrite rod is present, most of the losses are associated with the imaginary 
component of the relative permeability.  The ratio of the real to imaginary components 
corresponds to Q, and this is the figure that should be entered into the spreadsheet.  Q is 
about 150 for F14 material at frequencies below 2 MHz.28 [4] 
 
Also given is a value for the capacitor needed to resonate the antenna.  Practical 
considerations usually limit the range to between about 15 pF and 500 pF. 
 
A1.7 Calculating the Output from an E-Field Antenna 
 
It was hoped to include a calculator for the output of an E-field antenna, or ‘whip’.  In 
principle, the calculations are easy to make, as explained earlier in this report.  If the 
antenna is taken to be a capacitor of plate separation d and the field strength is E, the EMF 
EU is given by 
    EEU = E/d . 
The output of a whip antenna of length d is half this, as the antenna responds to the 
average potential along its length. 
 
 
 
 
 
 

Figure A1.8: Calculated EMF from a Whip Antenna 
 
Unfortunately, the calculation is of only limited use.  The EMF of a whip is rarely usable 
directly, as the impedance is inconveniently high.  Also, the efficiency of the associated 
ground plane and the geometry of the system are important factors.  Designing a more 
complete calculator is left as an exercise for the reader!29 

                                                 
28 There is a slight approximation here.  The assumption is that µr is much greater than 1.  A second assumption is 

that the manufacturer’s figures are correct: measurement of the very small imaginary component in the presence of 
the large real component is presumably quite difficult. 

29 It is worth mentioning that the Meguro loop is no use for testing E-field antennas, even though its output is quoted 
in terms of the equivalent E field. 

Receiving Whip Antenna 
Length Output
(mm) (mV) 

500 7.48




