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Even as the current sun spot 
cycles do not favor radio op-
eration in the HF band (de-
fi ned here as 1.5 to 30 MHz), 

there are military and amateur radio 
applications for 20 W battery-oper-
ated radios with whip antennas. In 
general, the whip antenna which 
makes the radio portable is not 
optimized for signal propagation: 

a whip antenna has no ground re-
turn or proper counterpoise. While 
some users drag a wire up to 8 m 
behind, this is not an ideal solu-
tion.1-2

This article explores optimizing 
antenna performance for HF and 
VHF (defi ned here as 30 to 108 
MHz) manpacks using an antenna 
tuning unit (ATU). Two Rohde & 
Schwarz battery-operated man-
packs with internal ATUs were used 
for testing, comparing their inter-
nal ATUs with the performance ob-
tained using external tuners. The 
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 Fig. 1  R&S®MR3000U manpack 
radio, covering 25 to 512 MHz.

 Fig. 2  Original dipole made by 
Heinrich Hertz in 1887 used balls at each 
end to form a capacitive load (Source: 
Deutsches Museum in Munich).

 Fig. 3  Measured impedance of a 2 x 5 m non-resonant 
dipole antenna from 2 to 30 MHz.

two R&S units are multiband, mul-
tirole and multimode software-de-
fi ned radios (SDR), covering HF and 
VHF (R&S®MR3000H) and 25 to 512 
MHz (R&S®MR3000U, shown in Fig-
ure 1). They are similar to other HF, 
VHF and UHF transceivers popular 
with radio amateurs.

SHORT ANTENNAS
The fi rst resonant dipole antenna, 

developed by Heinrich Hertz in 1887, 
was driven from a “noisy” spark gap 
transmitter (see Figure 2). Both sides 
were equally long and used end-

loading metal balls, 
acting as a capaci-
tive device to re-
duce the length of 
the two λ/4 reso-
nant segments.3

Now consider 
a symmetrical, 
non-resonant di-
pole, each side 
5 m long, with 
the center point 
connected to a 
battery-operated 
network analyzer 
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nance. Many antennas are bent at 
the end to make them mechanically 
smaller. An extreme example is the 
capacitive hat; another is a “load-
ing” coil located about two-thirds of 
the length—although this reduces 
the usable bandwidth.

The electrical equivalent of an 
electrically short antenna is given by
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where Ca is the equivalent capaci-
tance of the antenna in pF, D is the 
diameter of the wire, RF the input-
output impedance of the λ/4 anten-
na, RS the radiation resistance, Za 
the characteristic impedance of the 
wire and l the length of the element.

Grounding is necessary to close 
the loop for the currents. Figure 4 
illustrates the behavior of the elec-
tric field lines for a vertical antenna 
over ground. The field lines pen-
etrate the surface of the Earth and 
produce a current that flows back 
to the ground point, incurring heat 
losses. The antenna’s efficiency, η, is 
defined as

η =
+
R

R R
(3)S

S v

where RS is the radiation resistance 
and Rv the total effective loss resis-
tance. For electrically short anten-

reflects the evolution of the dipole 
to a monopole: a symmetrical two-
wire antenna made asymmetrical 
with a transformer and best per-
forming with a set of resonant radi-
als and a counterpoise or some kind 
of grounding.

The magnetic field of the anten-
na is generated by RF current in the 
antenna wire or rod, perpendicular 
to the antenna. The electric field 
of the antenna is needed for reso-

approximately the same size and 
surface area as a manpack. The ana-
lyzer is connected to the symmetri-
cal dipole with a mechanically small, 
1:1 symmetrical-to-asymmetrical 
ferrite transformer covering 1 to 60 
MHz. Figure 3 shows the measured 
impedance of the antenna from 2 
to 30 MHz, which covers both tacti-
cal military and some amateur radio 
bands. The typical mobile/portable 
application using a vertical antenna 

 Fig. 4  Vertical antenna showing the 
current loop through the ground.
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radiation comes from the current in 
the antenna, not from the voltage; 
the voltage is maximum at the end. 
To better understand the radiation, 
consider the case where the whip 
antenna’s length, l, is λ/4. The verti-
cal radiation pattern of the antenna 
over ground is1,3
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The radiated power, RF current 
and radiation resistance of the λ/4 

ground, such as dipoles, benefit 
from the antenna’s independence 
from the ground resistance—as 
long as the entire antenna is elevat-
ed above the ground.

Electrically short antennas, typi-
cally λ/10 or shorter, look like a ca-
pacitor with a typical capacitance of 
25 pF/m of length, e.g., 75 pF for a 
3 m rod. At 2 MHz, where the wave-
length is 150 m, an inductor of 84 
µH is required for resonance. The 

nas with radiation resistance values 
of only a few ohms, the resulting 
antenna efficiency can be very low, 
especially with long-wave and ex-
tremely long-wave communication 
systems. In such cases, Rv can be 
reduced with a ground network or a 
wire network extending over the 
ground as a counterpoise, especial-
ly with unfavorable ground condi-
tions (see Figure 5). All symmetrical 
antennas not excited with respect to 

 Fig. 5  A poor ground near the 
antenna’s base results in losses from 
the return current (a), while a ground 
network or counterpoise reduces the 
losses (b).4
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The radiation resistance of the 
short antenna is obviously very low.

EFFECTIVE HEIGHT
To calculate the effective height 

of an electrically short antenna, con-
sider that the open circuit voltage, 
V0, of the antenna is proportional to 
the antenna field strength, E, where 
the antenna is located:

=V h E (10)0 eff

The proportionality factor heff 
has the dimension of length and 
is known as the effective height. If 

antenna over ground is determined 
from the power radiated in the half 
sphere. Solving for RS:
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where C is Euler’s constant (0.5772) and 
Ci(x) is the cosine integral. The radiation 
resistance of the electrically short an-
tenna based on the electric field can be 
calculated from:

the current in the antenna is inde-
pendent of location (i.e., a Hertzian 
dipole), then heff corresponds to 
the antenna’s geometrical length, l. 
Otherwise, the effective height will 
be less because of the non-uniform 
current distribution. In the general 
case, heff is determined by convert-
ing the current area into a rectangle 
with the same area and the maxi-
mum current, I0, at its base (see Fig-
ure 6). Its height is then equal to 
heff. Computationally,
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The effective height is related to 
the effective area, A, and character-
istic impedance Z0

3-4 as follows:
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Figure 7 shows the differences 
in theoretical impedance of wire 
antennas with different wire diam-
eters. Figure 8 plots the measured 
impedance versus frequency of a 35 
ft. long whip antenna, showing the 
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maximum real impedance is approximately 600 Ω at 10 
MHz (λ/2), and the real loss resistor is never below 10 
Ω. The imaginary part of the impedance is −400 Ω at 2 
MHz and approximately 200 Ω at 9 MHz.

ANTENNA LOADING AND TUNING
Where a whip antenna is loaded affects the antenna’s 

performance. Figure 9 compares base and center load-
ing. With center loading, both the radiation resistance 
and integrated surface are larger, which are better for 
radiation.

The typical lowpass configuration for antenna tun-
ing is a series L, shunt C network, also called a Col-
lins filter (see Figure 10). For the 35 ft. whip antenna 
operating at 2 MHz (Figure 8), the network needs an 

 Fig. 7  Theoretical input impedance of three wire antennas 
with different diameters.4
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 Fig. 8  Measured impedance of a 35 ft. whip antenna used 
on a ship.5
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 Fig. 9  Center loading a whip antenna creates a larger 
integrated surface for the current than base loading, which 
improves radiation.6 The two figures are not to scale.
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 Fig. 10  Schematic of a Collins antenna tuner with an input transformer.
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tions. The 6 pF capacitor at the out-
put represents the ceramic antenna 
mount or connector. For best perfor-
mance, antenna tuners use air core 
coils or very low permeability pow-
dered iron cores. As such, some of 
the measured intermodulation dis-
tortion (IMD) products result from 
ferrite saturation, not from the power 
amplifier driving the antenna.8-9

Occasionally, a tuner design uses 
a highpass, T-configuration rather 
than a π (see Figure 12). The LC1 
forms one resonant circuit, LC2 
forms the other circuit and the two 
are tuned to the resonant frequency. 
The left loop and the right loop are 
dependent. Generally, when the 
value of C2 is too small, input reso-
nance occurs yet there is no load-
ing and no output power obtained. 
This is the flaw of the design: the 
highpass filter is mathematically 
over-determined. The left loop can 
be in resonance, and no output 
power (voltage) is available in the 
right loop. Other drawbacks of this 
frequently-used design are higher 
loss, the lack of harmonic suppres-
sion and LC combinations where the 

inductor of 100 µH and a shunt ca-
pacitor of 262 pF. Assuming a 4:1 in-
put transformer and the sum of the 
radiation and ground loss resistance 
to be larger than 12.5 Ω (50/4), the 
tuner only needs two variable ele-
ments, and either the left or right 
capacitor bank in the figure can be 
eliminated. The right capacitor bank 
is used when the load resistance is 
greater than 50 Ω (12.5 Ω using the 
4:1 transformer), and the left capaci-
tor bank is used when the load resis-
tance is less than 50 Ω (12.5 Ω using 
the 4:1 transformer). In this case, 
at 2 MHz, R = 12 and Xc = −400 
Ω, the required series inductor will 
be 33.42 µH and the left capacitor 
bank is used to set a value of 3.18 
nF. The most inductive impedance 
is at 9 MHz, approximately 600 
+j200 Ω, such that 25 µH and 370 
pF are needed for tuning.

The inductances for tuning are 
found in commercial input/output 
switchable antenna tuners operat-
ing from 1.5 to 30 MHz. The tuning 
network looks like an “L,” where the 
switched shunt capacitors can be 
connected to either side of the induc-
tors.7 Figure 11a 
shows the matching 
ranges of the tuner 
with the capaci-
tors on each side of 
the inductors, and 
Figure 11b shows 
a simplified sche-
matic of the main 
capacitor bank that 
is switched to ei-
ther the input or 
output side of the 
inductors. The in-
ductors are wound 
with 0.048 in. di-
ameter, enameled 
copper wire and 
have approximately 
0.04 µH step size. 
The capacitor step 
size is 9.375 pF. 
This tuner has nine 
switchable induc-
tors, 10 switchable 
capacitors and two 
positions for one of 
the capacitor banks 
(i.e., on either side 
of the inductors), 
yielding 1,048,576 
tuning combina-

 Fig. 12  T-configuration ATU.

Left Loop

A
nt

en
na Neon

Discharge
Tube

+ C1 + C2

Right Loop

L

 Fig. 13  Measured S11 of a 5 m wire antenna with 8 m 
ground wire, 2 to 55 MHz.
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TABLE 1
ANTENNA IMPEDANCE AND L, C MATCHING VALUES  

(1:1 INPUT TRANSFORMER)

Frequency (MHz) Z = a + jb (Ω) L (µH) C (pF)

Cshunt Lseries Antenna Matching

2 20, -j540 45 2000

3 20, -j400 22 1300

4 22, -j294 13 975

5 23, -j230 8.1 609

6 26, -j186 5.5 500

7 26, -j150 4.0 440

8 27, -j118 2.8 370

9 33, -j95 2.1 326

10 29, -j70 1.5 270

12 37, -j14 0.47 157

14 145, j170 0.55 245

Lseries Lshunt Antenna Matching
15 380, -j308 1.8 115

18 40, -j118 1.22 88

Cshunt Lseries Antenna Matching

21 40, -j86 0.86 76

24 32, -j64 0.33 99

30 32, -j40 0.33 80

50 41, -j37 0.168 298

 Fig. 14  Resonance tuning for the  
5 m wire antenna with 8 m ground wire 
at 2 MHz.
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tuner absorbs most, if not all, the 
power without tuning the antenna 
perfectly.6 For electrically short an-
tennas, this can be overcome with a 
voltage probe at the output, such as 
a pre-ignited neon bulb. The neon 
discharge tube glows when there is 
maximum voltage at the output of 
capacitor C2. If the frequency is be-
low 30 MHz, a blue color is emitted; 
if the frequency is above 30 MHz, a 
pinkish color is emitted.

2 MHz TUNING
For a 5 m wire antenna with an 8 

m ground wire and π tuner, Figure 
13 shows the measured antenna im-
pedance, and Table 1 summarizes 
the antenna impedance and the L 
and C values needed for matching, 
assuming a 1:1 (50 Ω) input trans-
former.10-11 The LC combination 
minus the capacitance value of the 
antenna rod or wire must resonate 
at the test frequency. Figure 14 
shows the antenna resonance tun-
ing at 2 MHz, and Figure 15 shows 
the simulated Z11 vs. frequency, 
with Re{Z11} plotted in Figure 15a 
and Im{Z11} in Figure 15b. The lower 
curve in Figure 15a closely matches 
the desired 20 Ω at 2 MHz; however, 
it assumes no losses in the tuner. The 
upper curve, assuming a realistic Q 
of 200, shows 22 Ω at 2 MHz. As 
power is I2R, a 10 percent increase 
in Re{Z11} causes a power loss of ap-
proximately 10 percent, from 20 to 
18 W available for radiation. These 
losses are frequently overlooked. 
While the two-element tuning net-
work produces the desired real and 
imaginary values, the 8 m ground 
wire is too short at this frequency, so 
there is no useful grounding.

GROUNDING
An antenna tuner can improve 

the matching but not the radiation. 
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a VHF/UHF manpack, Figure 19 
shows the antenna S11 measured 
from 20 to 200 MHz.

HF PROPAGATION
Recently, HF communication has 

fallen out of grace and HF man-
packs have become less interesting. 
The 11-year sunspot cycle causes 
poor propagation, making the band 
unattractive. Appliances such as 
long-life LEDs produce high con-
ducted and radiated interference, 
and noise blanker implementations 
in SDRs are not very effective. The 
difference between summer and 
winter propagation is also a factor. 
In the summer months, beginning in 
May, the D layer of the ionosphere 
makes day propagation up to 15 
MHz difficult; low frequency night 
propagation works better up to 10 
MHz. While propagation forecasts 
are available on the internet, partic-
ularly for long distance connections, 
10 to 60 mile connections are more 
complex: too far apart for VHF/UHF 

 Fig. 15  Simulated Re{Z11} (a) and 
Im{Z11} (b) at 2 MHz.
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At a single frequency, the asymmet-
ric dipole shows a resonance close 
to 12 MHz, the antenna to case 
impedance is 37 Ω—almost purely 
resistive—and the system works. A 
symmetrical, non-resonant antenna 
like an inverted V with an elevated 
tuner and an asymmetrical antenna 
cable isolating the radio and RF, by 
actually grounding it, will give supe-
rior results. If this is not possible, to 
obtain a symmetrical antenna sys-
tem a ground connection to some 
electrical wire, fence or similar struc-
ture is recommended. If the built-in 
antenna tuner can tune end-fed, 
high impedance, low current, long 
wires, this may be a good solution, 
although the radio is no longer a 
manpack, more of a portable solu-
tion for a stationary setup. Some 
counterpoise is needed for good 
results.

Table 2 shows field strength 
measurements with a 2 × 5 m non-
resonant, wire dipole in a V con-
figuration, tuned using an ATU; 
the measurement is made at 10 m 
distance using a test receiver with 
antenna. For comparison, the table 

includes the frequency dependent 
field strength for the 3 m rod an-
tenna.

Radio amateurs often use ICOM 
tuners. Generally, they are reliable 
in all weather conditions and, with 
a huge tuning range, find a good 
match and fit all the 100 W ra-
dios, even non-ICOM radios with 
a simple adaptor. The tuner layout 
shifts the coils by 90 degrees to 
minimize magnetic coupling (see 
Figure 16). Any number of induc-
tors will not mutually couple if they 
are placed with their axes forming 
a 54.74 degree angle to a common 
plane,12 although such placement 
is not always physically ideal. The 
ICOM AH-4 tuner has nine induc-
tors, 10 capacitors and two posi-
tions, equating to 1,048,576 tuning 
combinations. The tuning range 
is shown in Figure 17. Part of the 
magic of the tuner’s effectiveness is 
the search algorithm.

Figure 18 shows the measured 
S11 from 2 to 30 MHz of a 2.5 m 
whip antenna with two ground con-
figurations, floating and next to the 
body. Floating is the worst case. For 
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 Fig. 16  ICOM antenna tuner with 90 degree offset coils.

 Fig. 17  Tuning range of ICOM AH4 antenna tuner.13

Non Tunable
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Non Tunable
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Below 7 MHz

Impedances of an Inverted L
Antenna from 1.8 to 54 MHz

TABLE 2
FIELD STRENGTH AT 10 M WITH 5 W CARRIER
MEASURED WITH R&S PR100 TEST RECEIVER

Field Strength (dB µV)

Frequency (MHz) 2 x 5 m Wire Dipole 3 m Rod Antenna

28.4 68.7 76 (Near Field)

18.145 60 45

14.347 51 35

7.185 58 31

3.85 46 33

and  too close for HF. Frequencies 
from 1.5 to 8 MHz would work well, 
but effective use of those frequen-
cies requires better antennas than 
manpacks have, and local RF noise 
does not help. The D layer further 
complicates use of the band. Dur-
ing the day, 5 to 8 MHz provides 
300 to 500 mile coverage, which 
increases to at least 2000 miles 
shortly before sunset. Two MHz is 
better for close communication. 
The old ship SOS frequency (2.182 
MHz) has been replaced by satellite 
telephones.6,12-16 The 20 m radio 
amateur band for voice operation 
covers 14.15 to 14.35 MHz. Even for 
this small difference, propagation 
may vary signifi cantly, as the coher-
ence bandwidth is small.17

However, the amateur radio 
communities hang on to low-pow-
er operation (QRP) and remain true 
believers. During hurricane season 
and other natural disasters, using 
these portable stations saves lives.

SUMMARY
For radio communications, the 

antenna is probably the most criti-
cal part of the link, so grounding 
and antenna tuner losses should be 
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avoided as much as possible. The 
inductor is always the lossy part of 
the ATU, while the capacitors, typi-
cally mica, are infi nitely better.

For best operation, antenna 
radials should be λ/4. One is suf-
fi cient for tuning; up to four will 
produce a symmetrical azimuth 
pattern. When λ/4 is not possible, 
radials several wavelengths long 
will do. Connecting the HF radio 
ground to a large metallic object 
is a good choice. For the tests sup-
porting this article, a grounding 
spear of about 10 in., similar to a 
tent support, was used.

These requirements for optimum 
antenna performance make HF 
manpack radios somewhat compli-
cated and unattractive. Nonethe-
less, the well matched and radiating 
antenna provides the most success, 
and some of these highly portable 
radios (see Figure 20) provide vital 
communications in disaster areas—
recently in Puerto Rico and South 
Florida.■
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and the HF manpack uses a 5 m dipole 
(the yellow wire).




