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This note describes the legal powers available to ensure enforcement of planning law. It 
applies to England only. 

Carrying out development without planning consent is not a criminal offence.  However, 
failure to comply with an enforcement notice is a criminal offence. An enforcement notice is a 
notice requiring compliance with planning consent. If the notice is upheld, the penalty for 
failure to comply is a fine of up to £20,000 on summary conviction or an unlimited fine on 
indictment.  

Enforcement action is discretionary and local planning authorities are told to act 
proportionally in responding to suspected breaches of planning control. For example a local 
planning authority may decide not to take enforcement action if it believes that a 
development would have been granted planning permission. There are often many 
complaints about lack of enforcement action. In certain circumstances it is possible to 
complain to the Local Government Ombudsman that the local planning authority has failed to 
take enforcement action. 

Some changes to the enforcement regime have been made by the Localism Act 2011. These 
changes came into force in April 2012. It now means that the right to use two separate 
defences in a single case, to a.) appeal to the Secretary of State against an enforcement 
notice; and b.) make application for retrospective planning consent are now more limited. 
The Act also increased enforcement provision in respect of concealed breaches of planning 
control. 

Detailed information about planning enforcement powers are given in the Government 
guidance, Enforcement notices and appeals. 

Issues arising in the case of Gypsies and Travellers are covered in another note, Gypsies 
and Travellers: Unauthorised Development (SN/SC/3248). 

 

This information is provided to Members of Parliament in support of their parliamentary duties 
and is not intended to address the specific circumstances of any particular individual. It should 
not be relied upon as being up to date; the law or policies may have changed since it was last 
updated; and it should not be relied upon as legal or professional advice or as a substitute for 
it. A suitably qualified professional should be consulted if specific advice or information is 
required.  

This information is provided subject to our general terms and conditions which are available 
online or may be provided on request in hard copy. Authors are available to discuss the 
content of this briefing with Members and their staff, but not with the general public. 
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1 Development undertaken without planning permission 
It is important to note that it is not an offence to undertake development without planning 
permission, or make changes to a building without planning permission. However, it is a 
criminal offence to fail to comply with an enforcement notice. An enforcement notice is a 
notice requiring compliance with planning consent. If the notice is upheld, the penalty for 
failure to comply is a fine of up to £20,000 on summary conviction or an unlimited fine on 
indictment.  

In normal circumstances planning authorities have considerable powers to enforce planning 
law, although they also have some discretion whether to take enforcement action.  The law 
comes in the Town and Country Planning Act 1990 Part VII. Government directs that 
enforcement powers are discretionary and that local authorities are not obliged to use them: 

Enforcement action is discretionary, and local planning authorities should act 
proportionately in responding to suspected breaches of planning control.1 

Some local authorities will look at the amount of harm caused by the suspected breach and 
examine whether it justifies taking action. Sometimes no action will be taken if the authority 
believes that planning permission is likely to be been given.2 Generally, a council is expected 
to take action where serious harm to local public amenity is being caused.3 

Local Planning Authorities (LPAs) have considerable enforcement powers but they cannot 
normally be taken to Court for a failure to use them.  The key power comes in s.172 of the 
Town and Country Planning Act 1990 (as amended), which opens: 

(1) The local planning authority may issue a notice (in this Act referred to as an 
"enforcement notice") where it appears to them- 

(a) that there has been a breach of planning control; and 

(b) that it is expedient to issue the notice, having regard to the provisions of 
the development plan and to any other material considerations. 

There is a right of appeal to the Secretary of State (i.e. a planning inspector) against the 
issue of an enforcement notice (s.174).  One ground for appeal is to argue that planning 
permission should be granted. 

 
 
1  Communities and Local Government, National Planning Policy Framework, March 2012, p47 
2  See for example Leicester City Council website, Reporting Breaches of Planning Control [on 16 July 2013] 
3  Local Government Ombudsman website, Complaints about planning enforcement [on 16 July 2013] 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/6077/2116950.pdf
http://www.leicester.gov.uk/your-council-services/ep/planning/enforcement/reportingplanningbreaches/
http://www.lgo.org.uk/publications/fact-sheets/complaints-about-planning-enforcement/
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When an enforcement notice has been issued, it is possible for the local planning authority to 
issue a stop notice requiring that an activity should cease before the period for compliance 
with the enforcement notice (s.183). An enforcement notice can require the demolition of a 
building erected without planning permission.  A stop notice cannot do so.     

There is no provision for compensation being payable because of the issue of an 
enforcement notice, for which an appeals system operates.  However, there is a provision for 
compensation due to loss resulting from a stop notice, because there is no provision for 
appeal against a stop notice.   

Powers providing for temporary stop notices are covered in another note, Gypsies and 
Travellers: unauthorised development (SN/SC/3248).  The power comes in s.52 of the 
Planning and Compulsory Purchase Act 2004.  The idea is to allow faster enforcement 
action. 

If a building has been erected without planning consent, it is possible for the authorities to 
require it to be demolished.  That is not common but it does happen.  Failure to comply with 
either an enforcement notice or a stop notice is a criminal offence.  In certain circumstances 
unlimited fines can be imposed, so as to deal with the situation in which a developer is 
making a great deal of money out of failing to comply with the law. 

A separate power is available under s.187A of the 1990 Act to enforce planning conditions.  
Where there has been a failure to comply with a condition, the LPA may serve a breach of 
condition notice, specifying what they consider ought to be done in order to bring about 
compliance.  If the specified steps are not taken within the period (at least 28 days) allowed 
by the notice, the person responsible is guilty of an offence.  

In certain circumstances it is possible to complain to the Local Government Ombudsman that 
the local planning authority has failed to take enforcement action.  The Ombudsman’s 
website lists several recent planning judgements, demonstrating its approach.4  The planning 
decision is not overturned but compensation may be payable if the local planning authority is 
found guilty of maladministration. 

1.1 Further information 

Many councils issue their own planning enforcement charters which set out the timescales 
involved with enforcement action, the process and what issues the council is likely to take 
enforcement action on in its particular area. An example of this is Sunderland City Council’s 
Planning Enforcement Charter. 

Detailed information about the planning enforcement powers are given in the Government 
guidance, Enforcement notices and appeals. 

2 Time limits for enforcement action 
In relation to the point up to which an LPA may take enforcement action, there are two time 
limits, laid down in section 171B of the Town and Country Planning Act 1990.  Four years is 
the time allowed to an authority to take enforcement action where the breach comprises 
either operational development (the carrying out of unauthorised building, engineering, 
mining or other operations) or change of use to use as a single dwellinghouse.  Ten years is 

 
 
4  Local Government Ombudsman website, Complaints about planning enforcement [on 16 July 2013] 

http://www.parliament.uk/briefing-papers/SN03248
http://www.parliament.uk/briefing-papers/SN03248
http://www.lgo.org.uk/publications/fact-sheets/complaints-about-planning-enforcement/
http://www.sunderland.gov.uk/CHttpHandler.ashx?id=8989&p=0&fsize=221kb&ftype=Enforcement%20Charter.PDF
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/7707/321199.pdf
http://www.lgo.org.uk/publications/fact-sheets/complaints-about-planning-enforcement/
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the time allowed for all other breaches of planning control.  In both cases, enforcement action 
can be completed after that date provided that it was started before it.  

Here is an example of a case in which the time limits were important to someone trying to 
build a house in the countryside without planning consent: 

An illegally-built house which was hidden inside a barn to avoid planning rules has 
been demolished.  Officials found an occupied two-storey stone house with a lounge, 
kitchen, bedroom and bathroom behind a façade of corrugated iron and wood. ( )  

The council's head of planning services Paul Wilson added: "We suspect the owner of 
this property intended to occupy his house inside the barn for four years and then 
remove the shield thinking he had successfully side-stepped the need for planning 
permission.  Unfortunately for him, this would not have been the case, as the High 
Court has recently ruled that the four-year period for planning exemption only starts 
when any shielding construction has been removed."5  

Another case was widely reported in which a house had been concealed behind bales of 
straw for four years.  In that case the court ruled that removal of the bales was part of the 
building operations and ordered that the house be demolished.6 

However, in another case, a farmer was granted planning consent for a barn.  In breach of 
that consent he built a house and lived in it for four years.  The Court of Appeal showed 
obvious distaste at the dishonesty involved, but decided that he was entitled to a certificate of 
lawful use, because the time limit for enforcement had passed.7  The Supreme Court later 
overruled that decision.8 

3 Do developers get away with infringing planning controls? 
A letter to the specialist publication Planning in 2009 set out the concerns of many critics: 

The planning process has become so lengthy, complicated and bureaucratic that 
unscrupulous developers have found a more effective, profitable and quicker method 
of obtaining permissions.  They simply ignore the system, I know of several cases 
where developers have commenced building works as soon as design drawings are 
ready, without submitting an application.  The projects are quickly completed and 
occupied or sold.  It takes years for the overstretched enforcement system to decide 
whether it is expedient to act.  Quite often it does not and after four years the 
unapproved development becomes valid by default. 

If action is taken then, the developer has money already in the bank to engage a 
planning consultant to defend any alleged breach on the enforcement officer’s 
specifically defined terms.  I do not condone this approach but it is increasingly 
prevalent, as is councils’ failure to enforce unpalatable and unimplemented conditions.9 

Statistics about enforcement action at a local authority level are available on the Government 
website. 

 
 
5  “Map clue leads to concealed house”, BBC News Online, 7 November 2008 
6  “Castle concealed by bales turns out to be a house of straw as judge orders: pull it down”, Times, 4 February 

2010 
7  “Certificate must be issued after four years of use, “ Law Report: Times, 9 February 2010 
8  “Deception invalidates lawful planning use”, Times Law Report, 8 April 2011 
9  “Process drives developers to eschew approval route” Letter to Planning, 16 January 2009 

https://www.gov.uk/government/statistical-data-sets/live-tables-on-planning-application-statistics
https://www.gov.uk/government/statistical-data-sets/live-tables-on-planning-application-statistics
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4 Changes to the regime in the Localism Act 2011 
The Localism Act 2011 made some changes to the enforcement regime. These provisions 
were brought into force on 6 April 2012.  

Section 123 Retrospective Planning Permission 

This section sought to tackle some tactics that are seen as abuses.  The aim is to strengthen 
the hand of the planning authority and weaken the hand of the person who has undertaken 
development without planning consent.  It removed from an applicant, in certain 
circumstances, the right to use two separate defences in a single case:  

x appeal to the Secretary of State against an enforcement notice; and 

x application for retrospective planning consent 

Sub-section (2) grants planning authorities the power to decline to determine retrospective 
applications after an enforcement notice has been issued.  Sub-section (4) limits the right of 
appeal against an enforcement notice after a retrospective planning application has been 
submitted, but before the time for making a decision has expired. 

There are several possible grounds for appeal against an enforcement notice, only one of 
which is that planning consent ought to be granted.  Sub-section (5) means that a successful 
appeal on other grounds – for example that the enforcement notice was not served in the 
proper manner – would not result in the granting of planning consent. 

Section 124 Time limits for enforcing concealed breaches of planning control  

Section 124 allows a planning authority that discovers an apparent breach of planning 
control to apply to a magistrate’s court for a planning enforcement order, within six months of 
discovery.  That order allows the authority a year in which to take enforcement action, even 
after the time limits in s.171B of the Town and County Planning Act 1990 have expired. 

The passage relating to concealment now comes in section 171BC of the 1990 Act.  The 
magistrate’s court may make a planning enforcement order only if it is satisfied, on the 
balance of probabilities, that the “actions of a person or persons have resulted in, or 
contributed to, full or partial concealment of the apparent breach or any of the matters 
constituting the apparent breach”.  The court must also consider it just to make the order. 

At first sight, the section appears to go further than acts of physical concealment like hiding 
the house behind straw bales.  It seems likely to catch many of those who use a barn as a 
dwellinghouse for four years. 

Section 125 Assurance as regards prosecution for person served with enforcement 
notice 

This section allows a local planning authority to give an assurance to someone on whom an 
enforcement notice has been served that in the circumstances he will not be prosecuted in 
relation to s.179 of the Town and County Planning Act 1990 in connection with the 
enforcement notice.  S.179 covers the offence where the enforcement notice is not complied 
with. 

Section 126 Planning Offences: Time Limits and Penalties 
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This section increases one penalty, for failure to comply with a breach of condition notice.  In 
relation to damage to a protected tree or contravening advertisement control, the prosecution 
could be brought within six months of the prosecutor obtaining sufficient evidence, rather 
than within six months of the offence being committed. 

Section 127 Powers in relation to: unauthorised advertisements; defacement of 
premises 

The section gives the local planning authority increased powers in relation to fly posting and 
graffiti. 
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Kazimierz “Kai” Siwiak, KE4PT

10988 NW 14th St, Coral Springs, FL 33071; ke4pt@amsat.org

An Optimum Height for an 
Elevated HF Antenna  

1Notes appear on page 38.

What is the best height for your antenna? 
The author considers factors that can help you decide.

There are two ways to think about antenna and propagation prob-
lems in linear media: in transmit mode and in receive mode. By the 
reciprocity theorem both methods will predict the same performance. 
We will view the problem of finding an optimum height for HF anten-
nas in receive mode rather than in transmit mode, because this reveals 
very interesting insights. For example, the field-strength at the receiv-
ing location is the result of an interference pattern between waves that 
arrive by a direct path added to the wave reflected from the earth’s 
surface. The addition of these two waves results in a standing wave 
versus height for the field strength at the receiving location. Because 
this vertical standing wave has peaks and can have deep nulls, there 
is an optimum placement for an antenna. In the equivalent transmit 
mode point of view, far-field transmit patterns are calculated as an 
interference pattern between the direct wave and a ground reflected 
wave, but as The ARRL Antenna Book explains, that point of view 
obscures the physical meaning of “take-off” angle, so we can’t 
directly appreciate what happens when an antenna is elevated.1 By 
viewing the problem in receive mode, however, we see, among other 
things, that waves arriving from the lowest arrival angle do not always 
result in the best link margin to a DX station. We can also see that low 
antennas can work surprisingly well for DX, and that the best height 
for vertically polarized antennas is not the same as for horizontally 
polarized antennas.

With this analysis it is easy show that the optimum antenna height 
depends on frequency, polarization, properties of the earth at the 
reflection point, and on the arrival angle from the wave source in the 
ionosphere. While surface roughness is considered, there is also a 
terrain dependence, which for simplicity will not be considered here; 
see Dean Straw’s terrain analysis program HFTA in the 21st edition of 
The ARRL Antenna Book. Furthermore, since the apparent wave earth 
reflection point is usually distant from the antenna, it is not important 
what the earth looks like directly under an elevated antenna. What 
is important is the earth’s properties at the reflection point — typi-
cally hundreds to thousands of meters distant from the tower. This is 
an idealized problem where we allow for surface roughness, but we 
assume an earth that is smooth enough so that we can apply spherical 
earth geometry.

We begin by laying a foundation based on a spherical earth geom-
etry for the propagation of waves to the receiving location. The reflec-
tion properties of ground and sea water are shown to affect how the 

reflected wave combines in constructive and destructive interference 
with the direct wave. Optimum heights are found for desired ranges 
of arrival angles and for multiple bands. Finally, path link margins 
are estimated for multi-hop propagation. We discover that a range of 
“take-off” angles must be accommodated for optimum performance.

Spherical Earth Geometry
Because we are dealing with distances that approach the earth’s 

horizon, we calculate the direct and earth-reflected paths using spher-
ical-earth reflection geometry. The solution to the spherical earth 
geometry given in Chapter 2 of M. I. Skolnik’s Radar Handbook 
involves a cubic equation to find the arc distance Gb to the reflection 
point.2

� �3 2 22 3 2 2 0b b e ant i b e antG GG G a h h G a h Gª º� � � � �  ¬ ¼
                                                                                                  [Eq 1] 

where: 
hant is the height at the receiving antenna, 
ae is the earth’s radius,
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Figure 1 — Spherical earth geometry, shown with an exaggerated 
height dimension. Source: based on information from 

Radar Handbook (see Note 2).
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and the distances G and Gb are functions of the angle T between the 
local horizon and the direction to the wave source point at height hi in 
the ionosphere. Figure 1 shows the spherical earth reflection geom-
etry and identifies all of the parameters.

The angle T is also called the “take off angle” and the “local eleva-
tion angle.” See the ARRL website files update to The ARRL Antenna 
Book.3 The direct wave arrives along path Dir, and the reflected path 
includes distance Ri from the ionosphere to the earth reflection point 
and Rb from the reflection point to the receiving location. The reflec-
tion occurs at the arc distance Gb from the base of the antenna tower, 
and as the direct wave arrival angle T deceases, then the arc distance 
to the reflection point increases. Our chief concern is with the differ-
ence in the path lengths,

'R = (Rb + Ri – Dir )                                                            [Eq 2]

and with the surface reflection coefficient at the reflection point because 
these determine the nature of the field variation versus height, hant.

Reflection Coefficients and Combined Waves
The plane wave reflection coefficients *H for horizontal and *V for 

vertical polarization are used to find the reflection from land or sea 
on a spherical earth. (See Chapter 6 of Radiowave Propagation and 
Antennas for Personal Communications.4) The reflection coefficient 
is modified by the divergence factor D and surface roughness Sr factor. 
The wave divergence factor is:
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 �« »\¬ ¼                                                                                                [Eq 3]

where \ is the angle of incidence on the earth’s surface. The sur-
face roughness factor is:

� �0exp I sin 2
r sdS ( r) (r); r 2 kh ( ) �  \ � ���������������>(T��@

ZKHUH��
,��LV�WKH�PRGL¿HG�%HVVHO�IXQFWLRQ
k = 2Sf / c is the wave number
f  is the signal frequency in Hz
c is the speed of light in m/s. 

The roughness factor for the reflected wave is based on a rough-
ness factor originally derived for a ratio of rough-sea to smooth-sea 
reflection, and is applied here generally to an earth reflection. The sur-
face roughness parameter hsd is the standard deviation of the surface 
height distribution in the reflection region. The complete reflection 
coefficients are thus *H Sr D and *V Sr D for a rough spherical earth. 
The reflected term fields are also multiplied by d = Dtr / (Rb + Ri) to 
account for the difference in free space loss due to the differential dis-
tance between the direct and reflected waves. 

For this study we will assume that horizontally polarized power is 
added to vertically polarized power in a ratio, PHV. For substantially 
horizontally polarized waves, PHV is chosen here to be between 10 and 
20, and for substantially vertically polarized waves, PHV is between 
0.005 and 0.01. The polarization impurity primarily results in a slight 
reduction of the depths of nulls in the vertical standing wave patterns. 
The two polarization components are added as power because the 
polarization is decomposed by the ionosphere into elliptical polariza-
tion, (see Ionospheric Radio Propagation5) and reflections from a 
rough surface are generally random and time-variable. The expres-
sion for the signal power, P normalized to the free space value, of the 
combined waves at the receiving height, hant is:

> @ > @exp exp 22
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                          [Eq 5]

The unity terms in each of the brackets represent the direct wave 
amplitude, and the remaining terms are the reflected wave, each in 
ratio to the free space value. The phase difference, k'R, along with 
the phase of the reflection coefficients conspire to produce the vertical 
standing wave pattern of the field strength at the receiving location. 
This is before any antenna is placed at the receiving location. Since 
the earth’s radius is large compared with the height of the ionosphere, 
angles T and \ are nearly the same value, despite the exaggerated 
view in Figure 1. Since antenna free space elevation patterns for a 
level antenna are essentially symmetrical in elevation about the local 
horizontal plane, the direct wave entering the antenna from angle T 
above the horizontal plane is weighted by the same antenna pattern 
gain value as the reflected wave entering the antenna from angle 
\ below the horizontal plane. Note also that the earth’s horizon is 
slightly below the elevated antenna horizontal plane.

 
Expected Angles of Arrival

We will be optimizing our solution over a desired range of arrival 
angles. Expected arrival angles T for waves from the ionosphere for 
HF Propagation are available in The ARRL Antenna Book product 
notes files on the ARRL website for HF (see Note 3). For example, 
the combined 80 m to 10 m arrival angle statistics between Florida 
(FL) or Massachusetts (MA) and all regions of the World are shown 
in Figure 2. 

Those statistics show that half the arrival angles are less than 6°, 
and that 90% of the arrival angles are smaller than 16°. So for HF 
cases, we will confine our interest to arrival angles between 2 to 16°. 
Viewed in transmit mode, this is the range of “take-off” angles that 
must be accommodated. Similar curves may be derived for 6 m band 
sporadic-E propagation. Notably, in the July and August 2009 “World 
Above 50 MHz” QST column, Gene Zimmerman, W3ZZ, comments 
on the work of Joe Kraft, CT1HZE, suggesting that arrival angle 
probabilities for 6 m band sporadic-E are bimodal, with one peak at 
~5° and another at ~10° with very little below 3° or 4° or above ~13° 
or 14°.6, 7 Thus, arrival angles of 3° to 14° emerge as a range of interest 
for 6 m sporadic-E operations. Also see my article, “Optimum Height 
for an Elevated Communications Antenna,” in DUBUS magazine.8 
While different from HF in the specifics, the angle ranges of interest 
are similar, and justify the range between 2° and 16°.

 
Location of the Reflection Point

The distance Gb to the reflection point on the earth’s surface is solved 
by Equation 1 as a function of receiving point height. There is only a very 
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Figure 2 — Composite probability of arrival angles.
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weak dependency on the height of the ionosphere; heights from 90 km 
to as much as 500 km, the range of heights for the E, ES, and F layers of 
the ionosphere, give very nearly the same geometrical result. There is, 
however, a strong dependency on the receiving height location. Figure 
3 shows the distance to the reflection point versus the arrival angle for 
several receiving heights between 3 and 100 m with a 250 km high iono-
sphere. The 30 m high antenna distances are also shown (dashed lines) 
for 90 km and 500 km high ionosphere. Since the reflection point is typi-
cally from a few kilometers to tens of meters away the ground immedi-
ately below the antenna does not affect elevated antenna performance. A 
very good approximation to the reflection point distance is:

                                                                                      [Eq 6]
ant

b
55h

G
T

  

where: 
hant is the antenna height in meters 
T is the arrival angle in degrees.

The reflection point given by Equation 6 is the same as for the 
transmit case; please see “The Effect of Ground in the Far Field” in 
Chapter 3 of The ARRL Antenna Book (see Note 1). It should be noted 
that transmit patterns computed in the presence of the ground often 
quoting a “take off angle,” implicitly assume that, the ground is flat to 
beyond the distance given by Equation 6. Here, in contrast, recall that 
we have allowed for a ground roughness factor.

 
Earth Reflection Loss

The ground or sea reflection loss, Learth in dB for multiple hop paths 
can be found by setting the direct wave “1” terms to zero in Equation 
5 and expressing the result in decibels. Figure 4 shows the loss in the 
20 m band for horizontal, vertical and a 50% mix of the polarization, 
for reflection from the sea and from a medium earth (H�= 12) versus 
the angle T. The reflection includes a surface roughness factor of 3 m. 
For 2 �d T �d 16° this reflection loss can amount to more than 1 dB for 
horizontal polarization, but as much as 9 dB for vertical polarization 
reflected from earth ground. 

Optimum Antenna Height
We can now solve Equation 5 at various frequencies, polariza-

tions, ground constants and as a function of the height of an antenna. 
The specific antenna pattern — that is, the free space pattern — is 
not important as long as the elevation plane beamwidth is sufficient 
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Figure 3 — Distance to the reflection point is tens to thousands 
of meters.
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Figure 5 — Horizontal polarization (PHV = 20), earth ground, T = 5°, roughness is 3 m.
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to include the important angles of arrival, both above and below 
the local horizontal plane. We do note, however, that as the angle T 
increases, the waves arrive in pairs above and below the main beam 
peak, so that the full antenna gain for directive antennas cannot be 
always be realized — especially for very high gain (narrow elevation 
plane beamwidth) antennas.

Figure 5 shows the geometry and the calculated vertical stand-
ing wave patterns produced by the interaction of the direct and earth 
reflected waves for earth ground parameters H = 5 and V = 0.005 S/m. 
The standing wave peaks and nulls depend on frequency and on 
arrival angle, here 5°. This suggests placing the antenna at the signal 
peak, which is one definition of the optimum antenna height. 

Results for horizontally polarized waves reflected from the sea 
differ primarily in the depth of nulls compared with earth ground 
reflected results of Figure 5. There are transmitter mode equivalents 
to the receive mode standing wave patterns shown in Figure 5. The 
transmit mode patterns are computed in the presence of a ground, and 
usually a peak “take-off angle” is identified; see for example Figure 3 
in the companion article in the June 2011 issue of QST.9 Clearly the 
transmit mode patterns do not make it easy to identify the best height 
for the antenna. 

Figure 6 shows the vertical polarization performance for reflec-
tion from sea water H = 70.6 and V = 4.54 S/m, on the left and from 
ground with H = 5 and V = 0.005 S/m on the right. The saline water 
model is from Radiowave Propagation and Antennas for Personal 
Communications (see Note 4). The sea-reflected, vertically polarized 
case has an optimum at sea level. This is why vertically polarized 
antennas on the beach are so effective on some DXpeditions such 
as during the VP6DX operation. Note that the optimum heights per 
frequency for vertically polarized antennas with the reflection from 
earth ground are not the same as for horizontal polarization. Ground 
mounted vertical antennas with a reflection from earth ground will 
have negative height gains of –1 to –5 dB. The gains shown in 
Figures 5, 6 and 7 are in addition to any free space directive gain pro-
vided by the antenna system. Results in Figures 5 and 6 are exactly 
analogous to the results that have been predicted and measured to 
within a decibel at open air test sites in the 30 to 932 MHz range. See 
Section 6.3 in Radiowave Propagation and Antennas for Personal 
Communications (see Note 4).

Concentrating now on the 20 m band, Figure 7 shows field-
strength signal levels relative to the free space value for reflections 
from the ground. These are not antenna patterns but rather signal 

field strength levels that are then sampled by an antenna. The axes 
have been flipped compared with the previous figures. The upper 
dashed asymptote is the maximum constructive interference for the 
continuum of all arrival angles between 2 and 16°. Specific results 
for 2°, 5°, 10° and 15° are shown by the embedded curves. The lower 
dashed asymptote is defined by the destructive interference for the 
continuum of arrival angles. The lower asymptote intersects the 2° 
arrival angle curve at a cusp, which defines an optimum antenna 
height for that frequency. At that elevation, the height gain, gw has the 
smallest variation versus the range of arrival angles, and its minimum 
gain value is the highest. When an antenna is placed there, the actual 
free space antenna gain, at the pattern elevation angle, T, adds to this 
field strength height gain. Antennas that are higher than the optimum 
height will encounter degraded performance at the higher angles of 
arrival because the nulls defining the lower asymptote to the right of 
the cusp are likely to be a factor. This is why in some cases a lower 
antenna can significantly outperform a higher antenna. If we had 
chosen a higher minimum required arrival angle, the optimum height 
would decrease. Similar curves can be drawn for other HF bands or 
combinations of bands, and optimum heights can be found.
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Figure 6 — Vertical polarization (PHV = 0.05), T = 5°, roughness is 3 m, reflections from (left) sea water and from (right) earth ground.

Figure 7 — Height gain for horizontal polarization in the 20 m band.
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Multiband Considerations
Since the geometry of the reflection point, including divergence 

and surface roughness, are fixed in physical dimensions, the vertical 
interference patterns don’t quite scale with wavelength. Thus, the 
optimum height does not scale exactly with frequency. Some multi-
band Yagi beams can cover the 40 m to 6 m bands in a single struc-
ture. Raising and lowering such an antenna is not usually desirable, so 
knowing an overall optimum height could be very useful. A family of 
curves like the 20 m band curves in Figure 7 can be calculated for any 
frequency band or any combination of frequency bands. 

One effective strategy for finding an overall optimum over mul-
tiple bands is to choose the best height for the highest frequency band 
of interest. That somewhat sacrifices the performance for the lowest 
arrival angles at the lower frequency bands, but more gently than the 
destructive interference loss of height gain for higher arrival angles if 
a higher antenna were chosen. 

The optimum heights for various frequency bands between 7 and 
54 MHz are shown in Figure 8. The three curves are for three different 
minimum angles, the upper curve shows optima for a 1° to 16° arrival 
angle range, the middle curve for 2° to 16°, and the lower curve for 
3° to 16°. The middle curve slopes from about 1.5 to 1.6 wavelengths 
between 7 and 29 MHz. 

If operation anywhere in the 10 m to 40 m bands is of equal 
interest, the “best” height works out to about 19.9 m. That height is 
suitable for arrival angles as low as 1° in the 10 m band, and is also 
suitable for angles above about 4° in the 20 m band. In the 40 m and 
30 m bands the results are “best effort,” but as will be shown in the 
next section, paths at higher arrival angles may exist, but with an 
increased number of earth-ionosphere hops. If the 20 m band is to be 
optimized, then the best height is about 32 m. If 6 m band operation 
is important then the optimum height is about 15.3 m. The heights 
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between about 15 m and 32 m (50 to 105 ft) emerge as a good range 
of compromise choices for multiband HF and 6 m band operations. 

This analysis also provides some insight into the physical basis for 
the operation of phased Yagi antennas mounted at different heights on 
a tower. By combining the signals from the two or more Yagis using 
phase shifters, it is possible to enhance gain in the direct-wave path 
while minimizing the destructive interference from the earth reflec-
tion. Possibly significant performance improvement might be realized.

 
Path Link Considerations

Many details are important in calculating a path link at HF, but 
for illustration here we examine a simplified path where both ends of 
the link are located on relatively flat (but not smooth) terrain, and the 
ionosphere and earth are suitable for the needed reflections along the 
path. Path link margin depends on the height of the ionosphere, hi as 
well as on the arrival angle, T. Figure 9 shows the hop distances for 
several ionospheric heights as a function of the arrival angle over a 
spherical earth. For our example we will assume that the ionospheric 
refraction and reflection occurs at an effective height of 250 km. So a 
10,000 km path might be traversed with 3, 4 or 5 hops, each 3,333 km 
or 2,500 km or 2,000 km respectively. Other paths are possible as 
well, as Davies described in Ionospheric Radio Propagation (see 
Note 5). The three different hops are marked by the shaded circle in 
Figure 9, with corresponding marks in Figure 7. Different hop dis-
tances mean different arrival angles, which affects the total path loss. 

The wave interference gain, or height gain, gw in dB shown in 
Figure 7 applies to each end of the link. Ionospheric reflection/
refraction loss is Lion in dB and can be as little as 2 to 5 dB.10 In this 
simplified example, we will use 3 dB to account for polarization 
decomposition, as described by Davies (see Note 5). The free space 
loss is 27.6 + 20 log(2 Dtr × f ) dB for one hop, where the frequency, 

Figure 8 — Optimum antenna heights over even terrain for various frequencies.
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f, is in MHz and the distance, Dtr is in meters. Each additional jth hop 
adds an incremental free space loss, an earth reflection loss, Learth,j 

(from Figure 4), and another ionospheric reflection loss, Lion,j. The 
path loss for n hops is written in Equation 7 so that the bracketed 
terms are for a single hop or first hop, including wave interference at 
the link ends A and B. The braces contain additional losses for hops 
2 through n if present.

log

log

path tr MHz ion w,A w,B

n
ion, j earth, j

j 2

L 27.6 20 (2D f ) L g g

j
20 L L

j 1 

ª º � � � � �¬ ¼

 ½§ ·§ ·° °� � �¦ ¨ ¸® ¾¨ ¸�© ¹° °© ¹¯ ¿

"
 

[Eq 7]

Our example path in the 20 m band with a 250 km effective 
ionospheric height might require 3 to 5 or more hops to traverse 
a 10,000 km path. The various gains and losses for this idealized 
example are listed in Table 1. In general, several of these as well as 
other possible paths will exist, causing fading and signal variations as 
the ionosphere changes. Table 1 shows the path losses and estimated 
received S-units for 50 W transmitted power (approximately 100 W 
PEP for CW or processed SSB) and with 32 m high dipoles at each 
end. Gain antennas will improve signals in proportion to the antenna 
gains. The bracketed and braced terms in Table 1 correspond to the 
same terms in Equation 7.

Notice that the four-hop path has a stronger signal by over an 

Figure 9 — Hop distances, with the 3, 4, and 5 hop points marked for a 10,000 km path. 

Table 1
Path Losses in a 10,000 km Path for Different Numbers of Hops.

Hops T (deg) First hop loss (dB) Height gain (dB) Rest of hops loss (dB) PL (dB) S-units
3  2.8 [126.1 + 3] –[–4 – 4] { 9.6 + 7.1} 153.8 3.6
4  6.9 [123.7 + 3] –[+3 + 3] {10.6 + 8.1 + 7.1} 146.4 4.8
5 10.4 [121.8 + 3] –[+4 + 4] {11.7 + 9.2 + 8.2 + 7.6} 157.8 2.9
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S-unit more than the example three-hop path because the increased 
height gains gw of a combined 8 dB at the higher arrival angle (the 
difference between the top and bottom solid circles at the optimum 
height in Figure 7) at both ends of the link more than compensate for 
the additional reflection losses of an additional hop. The height gain 
is the intersection of the arrival angle, T, with the antenna height in 
Figure 7. The four-hop 6.9° arrival angle results in less destructive 
interference by 7 dB at each end of the link than the three-hop 2.8° 
arrival angle. The lowest arrival angle path is not always the best! 
Agonizing over a lower “take-off angle” is futile. This effect justifies 
a compromise lower limit for the angle of arrival at lower frequen-
cies when choosing a compromise height for a multiband antenna. 
The five-hop path suffers additional earth and ionospheric reflection 
losses, but still results in a respectable S = 2.9 signal. 

Suppose that the antenna at one end of the link is lowered to 5m. 
The height gain, gw becomes –17 dB for the 2.8° three-hop path, so 
that path is not viable. The gain is –8 dB for the four-hop path, how-
ever, which is 12 dB lower than at the optimum height, resulting in 
an S = 1 reading. That is still a –115 dBm signal, which is suitable 
for CW as well as SSB. This result helps to explain the occasional 
spectacular DX results possible from low and indoor attic antennas.11 
If the arrival angle is, say >5°, the low antenna captures signals that 
are not dramatically worse than from a high antenna. Indeed, KE4PT 
has earned WAS-TPA and DXCC, now with 200 confirmed enti-
ties as well as a 6 meter VUCC from southern Florida, using just an 
indoor antenna. 

Uncertainties in the ionospheric reflection/refraction loss 
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increase as the number of hops increases, 
and Equation 7 represents a best case value. 
Link reliability can be estimated by attach-
ing variances to the several propagation loss 
components and by using the method of 
Hagn described in Section 8.4 of Radiowave 
Propagation and Antennas for Personal 
Communications (see Note 4).

 
Summary and Conclusions

Constructive and destructive wave inter-
ference from a direct path and an earth 
reflected path causes a vertical standing 
wave at the antenna location. The standing 
wave pattern details depend on the wave 
angle of arrival, polarization, on whether 
the reflection point was ground or sea water, 
and on the terrain profile (not considered 
here). Optimum antenna heights are largely 
governed by the lowest arrival angle deemed 
important at the highest desired frequency. 
Antennas that are placed too high can suffer 
from significant wave destructive interfer-
ence at desired higher arrival angles. The 
earth reflection point is typically several 
kilometers away for low arrival angles, but 
can be tens of meters for very high arrival 
angles, so the condition of the ground imme-
diately below an elevated antenna is of little 
importance. Because height gain can be sig-
nificantly greater for higher arrival angles, 
the lowest arrival angle path (fewest hops) 
does not always result in the best link margin 
for paths that can be closed with different 
numbers of earth-ionosphere hops. Optimum 

height is 1.5 to 1.6 wavelengths for any one 
band, or a compromise height can be found 
for a multiband antenna operating over 
several bands by using the optimum for the 
highest frequency. Keeping in mind that this 
analysis was limited to rough, but not locally 
mountainous earth, nor a dense urban region, 
antenna heights in the range of 15 m to 32 m 
(50 to 105 ft) are found to be reasonable 
compromise choices for multiband antennas 
operating from a fixed height. 
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MARLBOROUGH AMATEUR RADIO CLUB

AREC / SAR ACTIVATIONS 09/2014 ~ 08/2016

Activation-

Date

Activity Type Nature of Event Activity Result

02/09/14 SAR Training vhf radio training 1 hour presentation, 1 hour field 

training

14/09/14 Administration Clarify vhf freqs for Tasman area Finally reached conclusion, 5 

points agreed upon by all.

30/10/14 SAR Non-

Operational Support

Direction find for old Beacon Placed on stand by

31/10/14 SAR Training To assist RNZAF in evaluation of 

NH90 with night hover loading, 

unloading, familiarisation around 

Helo

Excellent weekend, massive 

learning curve for all. 

08/11/14 Sports & Training Provide communications for 

international car rally.

Excellent comms, Rally officials 

very impressed. 

27/01/15 SAR Training Checking location of Alzheimers 

Patients pendants

Excellent response from Patients, 

with one Pendant flat battery. 

11/02/15 SAR provide teams to search for over 

due

71 year old 

Missing person found opposite end 

of the island, all ok but a little 

dehydrated  

07/04/15 SAR Training Direction finding training Training beacon found after 30 

minutes

19/07/15 SAR Rescue 2 stranded daywalkers Daywalkers located using their 

cellphone through Police system

20/01/16 SAR Training Familiarisation with NH 90 

winching

Winch not operable, so an 

extensive look over and using 

winch in a static situation.

04/05/16 SAR look for overdue missing male Missing person found by search 

team walking back to his car

18/06/16 SAR Training Multi Agency Sarex. Land and 

Water.

Excellent comms. With multiple 

agencies. 

30/07/16 Administration Deputy Section Leader and one 

other travelled over from Nelson 

to meet with Marlborough AREC. 

Good discussion held by all and 

looking to strengthen AREC ties 

between Marlborough and Nelson.

08/08/16 SAR Rescue injured day walker. Injured day walker located 0400 

Tues morn and escorted out to 

Blenheim.



SAREX WEEKEND 
 
On the weekend of the 28-30 March 2014, Stuart Watchman and I travelled down to Acheron 
Homestead, which is over Jack’s Pass behind Hanmer, to assist the Christchurch Branch 
with communications for a Top of the South Search and Rescue exercise along with about 50 
other search and rescue volunteers. The weather played ball all weekend presenting us with 
exceptional warm days. The event managers had devised three scenarios with the lost 
parties being dispatched into the unknown early Saturday morning and try and find some 

cover as it was very nearly all open country. 
Richard Smart, section leader from 
Christchurch, and others had put together a 
comprehensive communications plan with three 
portable repeaters dispatched early on Saturday 
morning. The search teams were also briefed 
on Saturday morning with Stuart and Richard 
taking them through the hf and vhf operating 
protocols and Daniel Ayers and myself taking 
them through the setting up of the vhf repeaters, 
being linking and crossband. 
Then it was over to the four of us taking turns at 

operating 3, sometimes 4 radios along with hf, and also changing repeaters that decided to 
“fall over” during the day, a little bit challenging. The IP STAR was also trialled but not very 
successful as too many willow trees hindered 
the signal from the satellite, but worth a try. Also 
organised for the day was an experiment with 
UAV’s which are unmanned helicopters and/or 
fixed wing aircraft to fly above the search area 
and pinpoint objects of interest to the 
management team. We were given a trial fly 
back at camp on Sunday morning, for those who 
had not seen the action, a worthwhile piece of 
equipment in calm and very clear surroundings. 
The “lost parties” were found early on Sunday 
morning in time for them to return to base and 
then a very comprehensive de-brief followed by 
a very enjoyable BBQ, then the task of retrieving the repeaters and dismantling all the 
antennas and poles etc and departing for home. 
All in all a very enjoyable weekend, and another chance to work with another AREC group, 
swap ideas, and hopefully improve some of our operating expertise. 
 
My thanks to Stuart, Richard Smart, Daniel Ayers for their company. 
 
Paul Rennie - ZK2EO  
(All photos in this article were supplied by Paul) 
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SAREX 
 

Thanks to Paul Rennie and Paul Nankivell for these photos from the SAREX weekend. 
Looks like an exciting and interesting time was had by all! 
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	1.1 Further information

