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DefenseElectronics

Stabile high-Q inductors are critical in 
frequency-hopping radios
High Q is an important contributor to tuned circuits transmitting a sharp, 
clear signal while the frequency is changed several times a second. 
Designing tunable coils that maximize Q and are stable with temperature is 
essential for increasingly tight tolerances required by platforms such as those for 
software-defi ned radio.

By Rich Barden

Secure communication has come a long way since the U.S. Marines 
used Navaho in the Pacifi c Theater of WWII so enemies could 

not make use of intercepted radio messages. The latest versions of 
military radio use frequency-hopping technology to thwart enemy 
eavesdropping. While coded digital instructions are included in the 
transmission to coordinate the frequency hopping between radios, a 
clear and ungarbled voice signal still must be transmitted and received 
in a conventional sense.

Lodestone Pacifi c’s variable shielded-coil-form product line has 
been an integral part of the ITT SINgle Channel Ground and Airborne 
Radio System (SINCGARS) for more than 10 years (shown in opera-
tion in Figure 1). This latest technology tactical radio operates between 
30 MHz and 88 MHz, with 2320 channels. The demands on the radio’s 
LCR (inductor-capacitor-resistor) tuned circuits become more stringent 
as voice and data are switched among many frequencies per second in 
the heat, humidity, vibration and rigors of the combat environment. 

To maintain a 0.02% tight frequency tolerance in this demanding 
application, the quality factor, or Q factor, of the tuned circuit is criti-
cal. The Q factor of a tuned LCR resonant circuit is a measure of the 
sharpness of the response curve, and maximizing the Q factor in tuned 
circuits is a bit of an art. The higher the Q value, the higher the energy 
at that specifi c frequency, and the sharper the response. The amount of 
Q in a radio’s tuned circuits must be carefully considered. If too high 
(and tight), some of the modulation’s spectrum will be cut off. If the 
Q is too low, (with a wide peak), other signals and excessive noise 
will get through. It is best to use the highest Q inductors and capaci-
tors available, since a Q that is too high can be reduced by intention-
ally introducing resistance in the circuit, while circuit modifi cation to 
improve the Q of a low-quality inductor will add noise to the circuit.[1] 

Obtaining high Q
In a tuned LCR circuit, either the inductor or capacitor will need to 

be adjustable. In the ITT SINCGARS radio, several Lodestone Pacifi c 
tunable-shielded-coil-form inductors, wound by Datatronics, are used 
to achieve the highest and most stable Q. The optimum Q of a tunable 
assembly is found in balancing the fundamental physics of the core 
material and the wire winding around the core. The key to optimizing 
the Q of the assembly is selecting the proper core material, wire, and 
its winding characteristics for a particular frequency.

Core material
The quality and characteristics of the magnetic fi eld generated in 

the variable inductor are determined by the quality and shape of the 
magnetic core material. A cylindrical core in the center of a spring-
wound wire coil form will create a magnetic fi eld that surrounds the 
core and winding. The construction of the variable shielded assembly 
uses either iron-powder or ferrite-shield cups to trap and channel the 
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Figure 1. The SINCGARS radio from ITT provides secure tactical voice 
communications through frequency hopping.

Figure 2. Q vs. frequency for the L57-2-PCT-B-4 family.

lines of fl ux within a closed magnetic pathway, increasing the effi ciency 
and performance of the assembly.

The more complete the magnetic pathway along the magnetic lines 
of fl ux, the higher the inductance and the Q of the assembly. The 
optimum state for a tuned inductor is to have the desired inductance 
reached when the gap between the tuning core and the like-material 
shield cup is minimized. 

The inductance (L) of the coil is affected by the permeability of the 
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core material and the number of turns of wire around the core. In the 
ITT SINCGARS radio, iron-powder core materials are used because 
of their superior temperature stability. Table 1 shows the properties 

of iron-powder core materials supplied by 
Micrometals for Lodestone Pacifi c’s tunable, 
shielded-coil-form product line. 

The manufacturer of each core part number 
will have an inductance rating called an AL 
value, which is expressed in nanohenries per 
turn squared (nH/N2). When the AL is known, 
the number of turns of wire required for a 
desired inductance can be calculated from the 
following formula:

Required turns = [desired L/AL]1/2

Where L is the inductance in nanohenries 
(nH). The Micrometals iron-powder materi-
als, or mixes, used in assemblies for the ITT 
SINCGARS radio are formulated for optimum 
Q within specifi c frequency ranges. 

Q vs. frequency curves are used to describe 
Q magnitude across a range of frequencies. The 

shape of these curves can be character-
ized by the following formula: 
Q = 2fL/R

Where f is frequency in megahertz 
(MHz), L is inductance of the as-
sembly in microhenries (µH), and R 
is the effective series resistance for 
the heat losses contributed by copper 
losses and core losses, measured in 
Ohms (). The formula shows how 
important low resistive loss in the 
winding and core material are to high 
Q factors. 

While the frequency and inductance 
are known (or can be calculated), the 
frequency-sensitive copper losses and 
the core material losses are often dif-
fi cult to measure. In addition, variations 
in core material density and winding 
characteristics often cause the Q fac-

tor experienced in actual applications to differ from results predicted 
by theory.

The Q vs. frequency curves in Figures 2 and 3 are plotted on a semi-
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Figure 3. Q vs. frequency for the L57 series.

of iron-powder core materials supplied by 
Micrometals for Lodestone Pacifi c’s tunable, 
shielded-coil-form product line. 

will have an inductance rating called an A
value, which is expressed in nanohenries per 
turn squared (nH/N2). When the A
the number of turns of wire required for a 
desired inductance can be calculated from the 
following formula:

(nH). The Micrometals iron-powder materi-
als, or mixes, used in assemblies for the ITT 
SINCGARS radio are formulated for optimum 
Q within specifi c frequency ranges. 

Q magnitude across a range of frequencies. The 
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Figure 4. The L33 assembly (left) has less core material and, therefore, lower Q potential than the 
L57 assembly (right).

shape of these curves can be character-
ized by the following formula: 
Q = 2

(MHz), L is inductance of the as-
sembly in microhenries (µH), and R 
is the effective series resistance for 
the heat losses contributed by copper 
losses and core losses, measured in 
Ohms (
important low resistive loss in the 
winding and core material are to high 
Q factors. 

are known (or can be calculated), the 
frequency-sensitive copper losses and 
the core material losses are often dif-
fi cult to measure. In addition, variations 
in core material density and winding 
characteristics often cause the Q fac-

Mix Number Color Code Magnetic 
Material

Material 
Permeability

Frequency 
Range (MHz)

Temperature 
Stability 
(ppm/°C)

1 Blue Carbonyl C 20.0 0.15 to 2.0  280

2 Red Carbonyl E 10.0 0.25 to 10 95

3 Grey Carbonyl HP 35.0 0.02 to 1.0 370

3F Grey/orange HP/ferrite 80.0 0.01 to 1.0 700

6 Yellow Carbonyl SF 8.5 2.0 to 30 35

7 White Carbonyl TH 9.0 1.0 to 20 30

10 Black Carbonyl W 6.0 10 to 100 150

17 Lavender Carbonyl W 4.0 20 to 200 50

50 Orange Ferrite 50 125.0 0.01 to 1.0 1500

60 None Ferrite 60 125.0 1.0 to 120 1500

Table 1. Iron powder core material properties for various Lodestone-Pacifi c mix numbers.
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log axis and were derived from actual testing of the variable assemblies 
in a parallel-resonant circuit, and refl ect the expected Q readings with 
a fi xed inductance and specifi c winding. As the frequency is varied, 
the readings will trace a humped curve showing how Q will vary with 
frequency. Changes to the inductance of the assembly (and the loss) 
caused by changing the tuning position or altering the winding will 
produce a new Q curve.

Increasing inductance by adding turns of wire or tuning the core 
toward the maximum inductance position will create a new Q curve, 
with a peak that will be shifted down in frequency. Conversely, reduc-
ing inductance by decreasing turns or de-tuning the assembly will shift 
the Q-curve peak toward a higher frequency.

Figure 2 shows the Q factor as a function of frequency for the Lode-
stone Pacifi c L57-2-PCT-B-4 assembly wound with different numbers 

of turns. This family of Q curves shows the trend toward higher-
frequency Q curves as inductance is reduced through the reduction 
of turns. It also shows that the maximum value of each Q curve will 
diminish as the curve peaks move to the extremes of their recommended 
frequency ranges. There is an optimum frequency and inductance 
combination for a given assembly where the “peak of the peaks” will 
occur (at 1.5 MHz in Figure 2). This is why applications requiring high 
Q are best engineered with the inductive portion of the tuned circuit op-
timized fi rst, and the capacitor specifi ed to support that optimum Q.

Each iron-powder core material formulation will produce similar 
families of curves within their optimum frequency ranges. The complete 
family of Q curves for the L57 series on Figure 3 show that iron-powder 
mix formulations 6 and 10 (shown in curves H and I) exhibit better Q 
characteristics as the frequency moves from 2 MHz (mix 2’s optimum 
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Figure 6. In addition to stable inductance (see Figure 5), iron-powder core 
materials show great stability across temperature for rated Q.

Figure 5. Iron-powder core materials show great stability across 
temperature for rated inductance.
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frequency range as indicated by curve D), to 
20 MHz and 40 MHz.

Increasing the amount of core material 
in the assembly will also improve Q. As an 
example, the L57-2-CT-B-4 wound with 25 
turns of 15/44 Litz wire will produce higher Qs 
than the L33-2-CT-F-4 with the same winding. 
This is due to the fact that the iron-powder 
content in the larger L57 shielded assembly 
(4.45 grams of core material) is nearly seven 
times greater compared to the L33 assembly, 
(0.601 grams), as can be seen in Figure 4. 
The more core material used in the assembly, 
the higher the inductance and the greater the 
potential Q.

Winding considerations
The type and size of the wire used in the 

winding is frequency sensitive. This is due 
to the losses that result in the electronic and 
magnetic fi elds emitted from the wire in the 
winding. As frequency is increased from 100 
kHz to 1 MHz, the resistive eddie current 
losses in the wire and the skin effect at the 
surface of the wire become signifi cant. The 
skin effect describes the phenomenon whereby 
the current concentrates on the outer region 
of the wire’s cross section, and thus increases 
the total resistance of the wire. It is possible 
to minimize this effect by dividing the con-
ductor into a bundle of interwoven insulated 
strands called Litzendraht (or Litz) wire. The 
strand diameter is matched to the frequency 
so that the skin effect in the individual strands 
is negligible.

Litz wire is described as 7/41 (seven strands 
of 41 AWG), or 15/44 (15 strands of 44 AWG.) 
and will tend toward larger bundles of smaller 
strands as frequency is increased. Above 
1 MHz, the advantages of reduced resistance 
using Litz wire are nullifi ed by the disadvan-
tages of increased capacitive losses created 
by the parasitic capacitance among the wire 
strands. As the capacitance of adjacent turns, 
as well as the capacitance from the winding 
to the core, becomes signifi cant, stranded wire 
should be abandoned in favor of heavier solid 
wire. Thus, higher-frequency windings will 
tend toward fewer well-spaced turns of larger-
diameter, enamel-coated magnetic wire.

It is also evident that 50 turns of 15/44 is a 
more effi cient Litz winding than 50 turns of 
7/41 on the L57-2-PCT-B-4 tuned to 30 µH at 
1.5 MHz (Figure 3, curves D and E). As the 
capacitive effects begin to dominate, the Litz 
wire becomes a liability. The exact frequency 
is dependent on the application, but the practi-
cal transition is from 1 MHz to 10 MHz.

Temperature stability
An important characteristic of iron-powder 

core materials is the outstanding temperature 
stability. The temperature stability information 
for each iron powder mix is listed in parts-
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per-million per degree Celsius (ppm/°C) in 
Figure 1. As an example, the inductance of a 
100 ppm/°C material will change by 1% over 
a temperature change of 100 °C. 

Figures 5 and 6 plot the temperature stabil-
ity for iron powder materials as a percentage 
change in inductance and Q factor, respectively. 
Iron powder core materials have excellent 
temperature stability from –65 °C up to x125 
°C. Ferrite materials are more sensitive to tem-
perature and will exhibit changes in inductance 
and Q from fi ve to 10 times greater than iron 
powder over the same temperature range.

In an iron-powder core, inductance will 
increase gradually as the core material’s tem-
perature increases from 25 °C to more than 
100 °C. With continuous operation above 
100 °C, inductance and Q will begin to degrade 
with time. The extent of this shift is dependent 
on time, temperature, and frequency. Iron 
powder cores tolerate temperatures down to 
–65 °C with no permanent effects.

Extended periods of elevated temperature 
will result in a permanent shift in inductance 
and Q when the assembly is returned to 
ambient. For temperature-sensitive applica-
tions up to 100 °C, this shift can be stabilized 
by artifi cially aging the core material at 
100 °C for a minimum of 48 hours.

Designing a high-Q tuned circuit requires 
an understanding of how to maximize the 
properties of an inductor’s magnetic fi eld 
while minimizing the resistive losses in the 
wire and the core. Because both these prop-
erties are frequency sensitive, designing a 
tuned circuit for a radio that has more than 
2000 channels is no minor task. When you 
consider this radio needs to be dependable in 
a dirty and harsh environment that will include 
wide temperature swings, signifi cant vibration 
and repeated shock, the value of these high-Q 
inductors in such designs is obvious.  

Author’s note: 
The author wishes to express appreciation 

for the technical consulting provided by Larry 
Julie, president and senior RF design engineer, 
Coil Q Corporation. 
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