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Antenna Gain and Directivity – Phased Arrays
Introduction

• Instructor : Phil Brunner, AE7OH

 Licensed since 1956 as K9DTD, W6GOL with periods of inactivity

 Worked as Systems Engineer - Communications and Data Processing

• Member of CERT, CARC, ARRL and MARS

• The ARRL Antenna Book, 24th Edition
• Chapter 6 - Multielement Arrays 
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NVIS Antenna Theory and Design

NVIS: 2 MHz to 10 MHz
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● Very interesting and informative!

● Written for MARS operation by AAR6UK

● Applicable to local (within about 300 Miles) Ham Operations

● I found this paper after preparing the presentation.

https://region6armymars.org/downloads/NVIS-Antenna-Theory-and-Design.pdf

https://region6armymars.org/downloads/NVIS-Antenna-Theory-and-Design.pdf


Antenna Gain and Directivity – Phased Arrays

Overview

• Creating Gain and Directivity

• Antenna Modeling Programs

• Driven Arrays

• Phased Array Techniques

• Phased Array Design Examples

• Practical Aspects of Phased Array Designs

• Supplemental Content 
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Creating Gain and Directivity 

• An array of elements offer improvements in receiving 

sensitivity and transmitting gain.
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Comparison of Dipoles with Negligible Coupling
Dipoles Relative 

output 
power

Relative 
input power

Power Gain Gain in dB

A only 1 1 1 0

A and B 4 2 2 3

A, B amd C 9 3 3 4.8

A, B, C and D 16 4 4 6



Creating Gain and Directivity 

Conditions for improved sensitivity and gain (on previous chart) 
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• Fields from each dipole must be in phase at receiving location

• Antenna elements must be identical with equal currents in each

• Elements must be arranged so that the current induced in one by 

another is negligible (no mutual coupling - radiation resistance in 

each element must be same as if no other element were there)

 



Creating Gain and Directivity 
Definitions
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• An element in a multiple-element array is usually a λ/2 or λ/4 vertical 

element above ground. Not necessarily resonant but departure is usually less 

than 5% and therefore has no appreciable effect on radiating properties.

• Elements in array are either parallel or co-linear (end-to-end). Elements may 

be horizontal or vertical, depending on desired polarization.

• A driven element is one receiving power from the transmitter. A parasitic 

element is one receiving power through coupling to another element. 

 



Creating Gain and Directivity 
Definitions
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• A driven array has only driven elements. A parasitic array has one or 

more parasitic elements.

• In a broadside array, the direction of maximum radiation is perpendicular 

to the axis of the array and the plane containing the elements.

• In an end-fire array, the principle radiation direction is along the axis of 

the array.

• A bidirectional array radiates in both directions along the principle 

radiation direction.

• A unidirectional array radiates mainly in only one direction.

 



Creating Gain and Directivity 
Definitions

10

• The major lobes of a directive pattern are those in which the radiation is 

maximum. Lobes of lesser radiation intensity are called minor or side lobes.

• The beamwidth of a directive antenna is the angular width, in degrees of 

the two directions of the major lobe in which the radiation power is one 

half of it’s value the peak of the lobe.

• The gain of an array is the power gain over an isotropic radiator, unless 

specified otherwise.  

 



Azimuth ½ Power Points of a Yagi
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Beam Width

From Session 6
By Ron Gerlak



Creating Gain and Directivity 
Definitions
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• The term phase has the same meaning when applied to currents flowing in 

antenna elements as it does in ordinary circuit work.

• The phase of a driven element depends on the orientation of the element, 

the phase of the voltage exciting the element and the point on the element 

at which the voltage is applied. In many/most amateur applications, the 

phases in elements are ether exactly in-phase or exactly out-of-phase and 

the elements are either parallel or co-linear.

 



Creating Gain and Directivity 
Mutual Impedance
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• Two approximately λ/2 elements

• Power is applied to the Driven element, causing current to flow.

•  The resulting field causes current to flow in Reflector element, which in turn induces a field that causes additional 

current to flow in the Driven element. This indicates that the presence of the second element has caused a change in the 

impedance of the first. This effect is called mutual coupling.

• The total current in the Driven element is the (complex) sum of the two currents.  Note that mutual impedance exists 

between all antenna elements in the vicinity whether powered or parasitic. The total impedance is the sum of the self-

impedance and the mutual impedances of all antenna elements in the vicinity.   Note that “antenna elements” includes 

metal objects such as rain gutters not actually intended to be antenna elements.

• The presence of the Reflector element has caused a change in the feed point impedance. The magnitude and phase of 

this impedance depends on the spacing and orientation between elements and whether the Reflector element is 

resonant.



Creating Gain and Directivity 
Definitions
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• The term phase has the same meaning when applied to currents flowing in 

antenna elements as it does in ordinary circuit work.

• The phase of a driven element depends on the orientation of the element, 

the phase of the voltage exciting the element and the point on the element 

at which the voltage is applied. In many/most amateur applications, the 

phases in elements are ether exactly in-phase or exactly out-of-phase and 

the elements are either parallel or co-linear.

 



Creating Gain and Directivity 
Mutual Impedance
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• Amplitude of induced currents is greatest when the elements are 

close together.

• Phase relationships between original and induced currents depend 

on spacing and other factors. Any phase relationship is possible. 

In general, this introduces reactance into the antenna impedance.

• If an element is not resonant, the antenna impedance has a 

reactive component. Lengthening an element makes it inductive. 

Shortening makes it capacitive.



Creating Gain and Directivity 
Gain and Array Dimensions 

• With careful design, the bigger the array, the higher the gain.

• Appropriately adding elements in an end-fire or broadside array 

increases gain.

•  Complex, high-gain arrays can be created by stacking identical 

arrays in co-linear, broadside or end-fire directions.
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Creating Gain and 
Directivity 

Gain and Array Dimensions 

A Large Antenna 
at Goldstone



Creating Gain and Directivity 
Mutual Impedance and Gain
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• Obviously, calculation of characterics of multi-element arrays is a very 

difficult task except in very simple cases. You need an antenna 

program!

 



Antenna Modeling Programs 

EZNEC
 4NEC2

 MMANA-GAL
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In the past, antenna modeling was performed by scientists and engineers using 
huge, expensive antenna ranges and expensive equipment. Amateurs typically used 
inexact design equations and measurement, trial and error to achieve desired 
results. 

Today, we have personal computers and affordable (even free) software to perform 
antenna modeling. And modeling has become a popular amateur activity. With 
modeling you can determine the pattern, feed point impedance, SWR and other 
properties of your antenna system before cutting wires or aluminum tubing. This 
saves time and tree and tower climbing. 

We will briefly discuss the above modelling programs later.



ARRL_Cardioid EZNEC

20



ARRL_Cardioid – 1 active EZNEC
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ARRL_Cardioid – 1src long EZNEC
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ARRL_Cardioid – 1src short EZNEC
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ARRL_Cardioid – 1 Wire EZNEC
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Arrayfeed1.exe Program 
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This program – arrayfeed1.exe – takes input 
impedances to the various elements of an 
array and designs a matching network. It is 
referenced extensively in the book but it was 
very difficult for me to find.

Arrayfeed1.exe Download Site
Site Link: https://eznec.com/misc/Arrayfeed/

Download the .chm Help file and the .exe 
Program file. 

Also, look at the Readme.txt file; chances are 
you will not be able to use the Help otherwise. 
(Windows  “protects” you by preventing 
display of the Help file downloaded from the 
internet if you do not take some special 
action!)

https://eznec.com/misc/Arrayfeed/


Antenna Modeling Programs 
EZNEC

• EZNEC v. 6.0 demo program is free for personal use.

• The full EZNEC program is fairly expensive but EZNEC will be released to the public domain and become free of cost and can be 

freely copied and distributed on 1 Jan 2022. The author does not plan to release the source code.

• The Demo program limits number of segments in all wires to 20 (not typically very useful) 

• Allows opening of ARRL Antenna files with full number of segments

• Reverts to 20 segments limit if examples are saved.  (look but don’t touch!)

• Website is: https://www.eznec.com/
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Download demo program at: https://www.eznec.com/demoinfo.htm

Good Beginners Manual for EZNEC

Beginner’s Manual hyperlink: http://www.arrl.org/files/file/Antenna%20Modeling
%20for%20Beginners%20Supplemental%20Files/EZNEC%20Modeling%20Tutorial
%20by%20W8WWV.pdf  

https://www.eznec.com/
https://www.eznec.com/demoinfo.htm
http://www.arrl.org/files/file/Antenna%20Modeling%20for%20Beginners%20Supplemental%20Files/EZNEC%20Modeling%20Tutorial%20by%20W8WWV.pdf


Antenna Modeling Programs 
4NEC2 
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• The 4NEC2 program is totally free for personal use.

• Similar to EZNEC.

• Can read .EZ files and write them as .NEC files.

• .NEC files can be read and modified with a text editor.

• Runs on Linux using Wine

  

4NEC2 Information and Program Download

4NEC2 Hyperlink:  https://www.qsl.net/4nec2/ 

https://www.qsl.net/4nec2/


Antenna Modeling Programs 
MMANA-GAL 
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MMANA-GAL Information and Program Download

• MMANA-GAL basic version is free for private, non-commercial use 

• Good, intuitive interface

• Its .maa files can be read and modified with a text editor

• Runs on Linux with Wine 

  

MMANA-GAL Hyperlink:  http://gal-ana.de/basicmm/en/

http://gal-ana.de/basicmm/en/


Antenna Model Definition Files 

EZNEC
.EZ

4NEC2
.NEC

MMANA-GAL
.MAA



Driven Arrays 
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• Generally broadside or end-fire.

• Parallel or co-linear elements of combination

• Large number of elements feasible at VHF and UHF – not practical for most Hams at HF.

• Simplest is two elements

• Co-linear elements always fed in-phase – mutual coupling effect not great – control of currents and phases not 

difficult -- not true for parallel elements.

• In-phase fed elements give broadside array

• Out-of-phase fed elements give end-fire for element separation less than 5/8λ.

• Element current distributions change if not in or out-of phase – affects the pattern because antenna pattern 

is the sum of fields from all individual pieces of all of the elements.



Calculate total field by summing fields from currents in individual pieces of 
the antenna element – use more pieces for greater accuracy.



Phased Array Techniques
Common Phased Array Feed Systems
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● Phasing Line approach (feed elements by adjusting phases with appriopriate 

lengths of coax) – not as easy as it sounds due to mutual coupling,etc.

● Wilkenson divider – usually does not achieve desired results.

● The Hybrid Coupler – also usually does not work.

● Crossfire Feed System – gives deep nulls in one direction and wide bandwidths – 

most useful as a receive antenna.

● Broadcast Approach – very complex feed networks – works for Broadcast Industry 

involving only one frequency.

● Magic Bullet – Schmidt proved it can only work for 0 or 180 degree phases.



Phased Array Techniques
Recommended Feed Methods for Amateur Arrays
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● The Author discusses a number of methods of using selected-

length coax lines and lumped component electrical networks: 

Coax lines, Adjustable L network, Other considerations.

● But his basic recommendation is to use an Antenna Program!

● Modern Antenna Programs allow modeling of electrical networks.

● The Arrayfeed1 program can be used to design appropriate feed 

networks. 



Practical Aspects of Phased Array Designs

Adjusting Phased Array Feed Systems
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● If forward gain is the only object, adjustments are rarely 
worthwhile

● If object is deep nulls for rejection of unwanted signals, more 
care is needed

● Using 0-degree and 180-degree current-forcing provides well-
balanced and well-phased currents to elements without 
adjustments

● Suggested approach is using an antenna program for design 
and minor tweaking to achieve desired results

● Simple test equipment such as a SWR scanner can usually 
replace racks of equipment for simple adjustments  





Practical Aspects of Phased Array Designs

Directional Switching of Arrays
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● Chapter discusses switching of feed components to change 
antenna pattern

● Symmetrical pattern of identical elements is easiest case to 
deal with

● Can physically move cables and components – that is, 
create a new antenna system by rotating the pattern

● Or use switches to effectively rotate the antenna pattern



Practical Aspects of Phased Array Designs

Measuring the Electrical Length of Feed Lines
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● Difficult, frequently inaccurate and time-consuming

● Modelling programs give quick, accurate results 



Phased Array Design Examples   90 deg Spaced Vertical Array
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6.4.2 90° FED, 90° SPACED VERTICAL ARRAY
Frequency: 7.15 MHz.
Two identical, one inch (2.54 cm) diameter, 33 feet
(10.06 meter) long elements spaced 90 electrical degrees, with
element currents equal in magnitude and 90° apart in-phase.
8 buried radial wires, 0.3 l long, under each element.

6.4.2 90° FED,
90° SPACED VERTICAL ARRAY
ARRL_Cardioid_Example.EZ.



Phased Array Design Examples   90 deg Spaced Vertical Array
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ARRL_Cardioid_Example.EZ



Phased Array Design Examples   3-Element Binomial Broadside Array
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6.4.3 A THREE-ELEMENT BINOMIAL BROADSIDE ARRAY
Array of three in-line elements spaced l/2 wavelength apart and
fed in-phase gives a pattern that is generally bidirectional.
If the element currents are equal, the resulting pattern has a
forward gain of 5.7 dB compared to a single element, but it has 
substantial side lobes. If the currents are tapered in a binomial coefficient 
1:2:1 ratio (twice the current in the center element as in the two end 
elements), the gain drops slightly to just under 5.3 dB, the main lobes 
widen and the side lobes disappear.
 
ARRL_Binomial_Example.EZ



Phased Array Design Examples   3-Element Binomial Broadside Array
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ARRL_Binomial_Example.EZ



Phased Array Design Examples   Four-Square Array
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6.4.4 A FOUR-SQUARE ARRAY

In this array, four elements are placed in a square with l/4 
wavelength sides. The rear and front elements (1 and 4)
are 180° out-of-phase with each other. The side elements (2
and 3) are in phase with each other and 90° delayed from
the front element.
EZNEC was used to determine the element feedpoint impedances 
And then Arrayfeed1 was used for the design of the feed system.

EZNEC model ARRL_4Square_TL_Example.EZ



Phased Array Design Examples   Four-Square Array
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EZNEC model ARRL_4Square_TL_Example.EZ



Phased Array Design Examples   Four-Element Rectangular Array

44

6.4.5 A 4-ELEMENT RECTANGULAR ARRAY
The 4-element rectangular array has appeared numerous times in amateur publications.
However, many of the accompanying feed systems
fail to deliver currents in the proper amounts and phases to
the various elements.

ARRL_Dipole_Array_TL_Example.EZ.

FIX THIS! - THIS IS NOT A 4-ELEMENT ARRAY!WRONG!



Phased Array Design Examples   Four-Element Rectangular Array
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ARRL_Dipole_Array_TL_Example.EZ.

wrong



Phased Array Design Examples   120 deg Fed, 60 deg Spaced Dipole Array
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6.4.6 120° FED, 60° SPACED DIPOLE ARRAY
This example shows the design of simplest and L� �
network feed systems for a 2-element 20 meter dipole array,
rather than a vertical array. No special accommodation is
required for the array made from dipoles rather than vertical
elements  the same methods can be used regardless of element�
shape. This example also shows that both the simplest� �
and L network feed systems can readily be applied to elements
that use phase angles other than 90°.

ARRL_Dipole_Array_Example.EZ



Phased Array Design Examples   120 deg Fed, 60 deg Spaced Dipole Array
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ARRL_Dipole_Array_Example.EZ



Phased Array Design Examples   Crossfire Receiving Array
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6.4.7 CROSSFIRE RECEIVING ARRAY
While any transmitting array can be used for receiving
with the same gain and directivity, inefficient (lossy) arrays
do well for HF and MF receiving but not for transmitting.
High loss brings the potential for exceptionally wide bandwidth,
simplified feed systems and compact size, so receiveonly
arrays are worth considering for many installations. The
following example is for a simple 2-element array using the
crossfire phasing principle discussed earlier. The same� �
methods can be used for more complex arrays.
ARRL_Crossfire_Hybrid_Feed_Example.EZ 

 (File not found!)



Phased Array Design Examples   Crossfire Receiving Array
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ARRL_Crossfire_Hybrid_Feed_Example.EZ

  (not found!)

Substitute Crossed Dipoles



Article Link:
Crossed_Dipole_Antennas_A_review

https://www.researchgate.net/publication/282776048_Crossed_Dipole_Antennas_A_review
https://www.researchgate.net/publication/282776048_Crossed_Dipole_Antennas_A_review


Both Driven – same Phase



Both Driven – 180 degree Phase



Only Antenna 1 driven



Only Antenna 2 Driven



Internet Antenna

CHA TD LITE HF Antenna 



Antenna Modeling Programs 
EZNEC
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Thank you for your participation

Questions?
Please email questions to phil.brunner@gmail.com

This presentation is available at:

https://www.hamradioedu.com - Click on PRESENTATIONS

mailto:phil.brunner@gmail.com
https://www.hamradioedu.com/
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