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1. Practical RF Antenna Systems Site Design Considerations
Overview
The requirement for proper “Antenna Site Engineering” is essential to maximizing your overall Radio
Systems performance. The recent emphasis has been on 700 MHz System Deployments for LTE and
“D” Block, but the considerations in this Solutions based White Paper are applicable to all Bands from
30 MHz to 3500 MHz.
The antenna system, inclusive of everything after the power amplifier (PA), is often the least
understood and the most overlooked part of an RF Land-Mobile System Design. The performance of an
RF system is only as good as its weakest link. However, a well thought out RF design is often left until
the end of the project and is expected to accommodate whatever frequencies are obtained from frequency
coordination and what tower or building space is conveniently available; no matter how unfavorable or
even unsuitable these conditions may be. The result is such systems will frequently suffer from degraded
performance because of the compromises that are made. When EMR is involved at the outset in
frequency selection and planning, we can assist you in eliminating problems such as: high insertion loss,
poor return loss, desensitization as the result of either transmitter carrier or wide band noise, and
Intermodulation distortion. We can optimize the performance of your RF system to fit the needs of your
application, and eliminate system problems before we receive a Purchase Order. This is done by using
IM studies, transmit frequency spacing, separating transmit and receive frequencies, antenna decoupling
and selection, desense calculations, and filter selection.

2. A Small Cost can LEVERAGE RF Performance
The small investment (perhaps 1 to <10 percent of systems cost) in doing your Antenna System
correctly can help you profoundly MAXIMIZE Radio Systems Performance in terms of Systems Range,
Coverage, and In-Building Penetration. Spend your money wisely...it’s your only controllable!

3. “The 50 Ohm Enigma” – you need a Good Match
Many years ago, Bill Lieske, Sr., Founder of EMR Corp., wrote a White Paper entitled The 50 Ohm
Enigma which captures the essence and importance of impedance matching in an RF network for
maximum system performance. An excerpt from this informative paper:
If you have a length of line that is an exact electrical half wavelength, or a whole number
multiple of a half wavelength, at a particular frequency this is referred to as a “repeater” line
section, tending to mirror (or repeat) the impedance that is “seen” at the input, at the output. To
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find a half wavelength at some given frequency this simple formula can be used:
L = N * 5904 * Vf / F
Where:
L = Length in inches
N = Any Whole Number
Vf = Cable Velocity factor
F = Frequency in MHz
In practice, the cable length calculated is connector pin – to – connector pin. You must
account for the effective length of the connectors when developing practical cabling between
system elements to maximize power transfer and minimize power reflection.
A common
misconception is that the amplifier, antenna, transmission lines, isolators, IM panels, combiners,
RX multicouplers, duplexers, etc. are all designed to be 50 Ohms. So, what's the problem? The
problem is that the interconnecting cables between all these system elements will impact how
efficiently or poorly RF power is transferred to each of them and ultimately to the antenna.
Reference: www.emrcorp.com/techinfo

Figure 1: Typical Transmitting System

4. Gaining a Better Understanding of Combiner Specifications
and Performance
Does an antenna specification that states 8.15 dBi have more gain than one that states 6 dBd? 8.15
is greater than 6, after all. The answer is no; these two antennas have exactly the same gain. Now
consider two hybrid couplers, one specification states 0.3 dB loss while the other states 3.3 dB loss. The
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manufacturer of the 0.3 dB loss hybrid coupler is stating the inefficiency of the device only, and ignoring
the fact that 50 percent of the power is lost and 50 percent transmitted to the output, so input-to-output
there is 3.3 dB loss. The hybrid coupler specifying 3.3 dB loss is what you would measure with your
test equipment when testing from input-to-output of the device.
Insertion loss in a Transmit Combiner specification should represent the insertion loss measured
when injecting a signal into the isolator input port and reading the signal level at the antenna port. The
specified loss in a transmit combiner should be the sum total of the loss in the isolator, cavity resonator(s),
and the combiner phasing harness. While this is how a combiner specification should be presented, you
will find cases where specifications are instead written to complicate or even obfuscate combiner
insertion loss by using charts, graphs, or presenting the data separately instead of as a single stated
maximum value. The following are rule of thumb insertion loss traits for combiner elements:
•

Isolator: 0.25 dB for a single stage and 0.5 dB for a dual stage isolator.

•

Cavity: 1.0 dB is typical. Cavity insertion loss is a function of channel spacing. While 1 dB is
typical of the filter, it could be set to as much as 2.0 dB loss. Cavity insertion loss above 2 dB
will result in poor output return loss and higher reflected powers at the isolator output load
termination.

•

Phasing Harness: 1.0 dB is typical. This is influenced by the number of channels in the combiner
and the channel spacing within the combiner.

Another combiner specification that has a great deal of importance is Output VSWR (or Output
Return Loss). This is a measurement of how well the combiner transfers power to the antenna instead
of reflecting the signal back to the isolator output load termination. Output VSWR is a function of the
transmit channel spacing, and the loss setting necessary to reduce the power coupled between adjacent
transmit channels. The closer the channel spacing is between transmit channels the higher the filter loss
setting the worse the output VSWR. Combiner channel spacing that requires cavity insertion loss to
exceed 2 dB means that Output VSWR will be worse than 1.5:1 or an Output Return Loss worse than 14
dB. When one Filter Ferrite Combiner has a specification that calls out minimum transmit channel
spacing of 200 kHz and another states 75 kHz it would be wise to check the VSWR specification for the
two combiners. At 2:1 or worse, the Output VSWR for the combiner with 75 kHz is a Combiner that
suffers poor power transfer to the antenna and “high” reflected power to the isolator output load
termination to gain market advantage by claiming close channel-to-channel spacing. In such cases,
Output VSWR or Output Return Loss will be conveniently absent from the Filter Ferrite Combiner
specification.
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5. Antenna Decoupling
Antenna decoupling and the attenuation from the filters in both the receive side preselector (RX-TX
isolation) and bandpass filters in the transmit combiner (TX-RX isolation) are integral in preventing
receiver desensitization due to transmitter wide band noise or transmitter carrier power. Antenna
decoupling reduces the attenuation needed by these filters dB-for-dB. More isolation will be required to
prevent receiver desense the closer a TX channel is to a receive channel. Greater attenuation needed by
the filters also means higher insertion loss, higher costs, and larger form factor. These can all be
mitigated with greater Vertical (preferred) or Horizontal Spacing between transmit and receive antennas.
! Example A:
A 100 watt typical transmitter at 155.000 and a typical receiver at 159 MHz dictates a minimum
of 53 dB of attenuation to prevent a 1 dB reduction in a 12 dB SINAD ratio. In such a system if
the antennas are collinear and there's at least 20' collinear tip-to-base then we can expect 45 dB
of antenna decoupling. The filter in the transmit combiner and the receive multicoupler should
then have at least 8 dB of attenuation (TX-RX and RX-TX isolation respectively). A single
bandpass cavity will be suitable in the combiner and the standard preselector will get the job done
in the multicoupler.
! Example B:
Using the same system from example A, but now there is only 4' tip-to-base collinear separation
between transmit and receive antennas. Antenna decoupling is now down to 20 dB. The filters
in the combiner and the receive multicoupler now must have a minimum of 33 dB of rejection to
prevent desensitization. The choice then becomes either a single bandpass cavity with a 2 dB
loss setting which will have relatively poor return loss, or a dual bandpass cavity with 1.2 dB loss
which will have excellent Output VSWR with better RF energy transfer at lower insertion loss.
! Example C:
Then consider a system with a 100 watt transmitter at 155.000 but now the receive channel is
155.500 MHz; only 500 kHz apart. The antenna decoupling is the same as in Example A (20’
collinear tip-to-base), but because of the close spacing between the transmit and receive
frequencies, the filters will now need 90 dB of attenuation instead of the 53 dB of attenuation
from Example A. This radically changes the filter scheme needed to prevent receiver desense
with just 20’ collinear separation. The filters needed in the combiner and multicoupler can be
dramatically reduced with greater antenna decoupling.
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VHF Antenna spacing/decoupling:
•

10' collinear (vertical) separation = 35 dB decoupling

•

20' collinear (vertical) separation = 48 dB decoupling

•

40' collinear (vertical) separation = 60 dB decoupling

Assuming unity gain antennas (antenna gains in dBd reduces horizontal decoupling between the antennas
dB-for-dB)
•

50' horizontal separation = 36 dB decoupling

•

200' horizontal separation = 48 dB decoupling

•

400' horizontal separation = 54 dB decoupling

6. Antennas – Gain and Pattern
While a relatively low cost element of the Two-Way Radio System, the choice of antenna can have
a significant effect on overall coverage range and In-Building system penetration. The objective is to
choose the correct base antenna to provide the desired performance.
Antenna gain, as previously touched on, is specified in either “dBd” -decibel over Dipole where the
gain is referenced to a single dipole element, or in “dBi” decibel over Isotropic. The gain when measured
in Isotropic is mathematically gain in dBd + 2.15 dB so it “appears” to have higher gain...a perception
issue. Select the correct antenna for your application based on the licensed ERP and desired coverage.
The antennas radiation pattern, depending on how it is manipulated vertically or horizontally, is a
function of the number of phased elements used in the array to achieve the desired ERP and coverage
footprint. Effectively, stacking two dipoles on top of each other vertically provides ~3 dBd gain.
Stacking 4 elements on top of each other, vertically, provides ~6 dBd gain. All values are less any
inefficiencies from phasing cable transmission line losses.

7. Maximizing Coverage
Radio coverage, system range, and In-Building Systems penetration are all impacted by the amount
of signal/energy that is lost in the transmission line system from the High Power Amplifier to the antenna.
A loss of 3 dB can affect system coverage significantly. A reduction of 10% or 20% signal range may
necessitate the construction of additional base station/simulcast sites to achieve coverage, SOW
commitments, and could increase the need for deploying In-Building BDA's and DAS Systems to meet
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coverage requirements. It is common to see improvements of 50 percent or more when optimizing a
system instead of deploying a “Cookie Cutter” approach. A Cookie Cutter approach often compromises
system coverage, range, capacity, and protection against interference. These are all interactive elements
and you will need people in place that thoroughly understand the RF Antenna System subset.
So, what's 2 dB amongst friends? Review the following coverage plot to see the effect of a 60 watt
PA and a 35.8% increase in Area Coverage (shown in yellow as compared to orange) at 700 MHz on a
200 ft. HAAT site by INCREASING system gain by ONLY 2 dB.

Propagation Study courtesy of Softwright LLC- Todd Summers, Ph.D.

8. The Link Budget
When you review many published link budget calculations you see that there are missing elements
that are not included in the calculation or are simply lumped in with “transmission line loss”, so you are
not seeing the whole picture.
Link Budget Equation example:
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A link budget equation including all these effects, expressed logarithmically, might look like this:
! Prx = Ptx+Gtx-LTx-LFs-LM+Grx-Lrx
Where:
•
•
•
•
•
•
•
•

Prx= received power (dBm)
Ptx= transmitter output power (dBm)
Gtx= transmitter antenna gain (dBd)
LTx= transmitter losses (coax, connectors...) (dB)
LFS= free space loss or path loss (dB)
LM = miscellaneous losses (fading margin, body loss, polarization mismatch, other
losses...) (dB)
Grx= receiver antenna gain (dBd)
LRx= receiver losses (coax, connectors...) (dB)

The loss due to propagation between the transmitting and receiving antennas, often called the path
loss, can be written in dimensionless form by normalizing the distance to the wavelength:
! (dB) = 20×log[4×ð×distance/wavelength] (where distance and wavelength are in the same
units)
Gains and losses are factored into the link budget equation above, the result is the logarithmic form
of the Friis transmission equation. To get a complete accurate budget, all elements must be included.

Transmitter
•
•
•
•
•
•
•
•

Cavity Filters, Isolators, IM Panels; Iso-Cav, Combiners
Impedance Mismatch
Return Loss
Jumpers
Cabling Harness (aka Bridging Loss)
Connectors
Loss due to non-Impedance Match @ ½ Wave Point
Lightning Arrestor

Receiver
•
•
•

Receiver Multicoupler
Return Loss
Amplifier (LNA) Noise Figure, NF
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•
•
•
•
•
•

Filter/Pre-Selector Insertion Loss; SINAD Measurement
Dividers
Intercabling
Connectors
Overall System NF
Loss due to non-Impedance Match @ ½ Wave Point

Duplexer- (if applicable)
•
•
•
•
•
•
•
•
•
•
•
•
•

Cavity Loss NF
Intercabling
T-Connector
Connectors
Loss due to non-Impedance Match @ ½ Wave Point
Transmission Line
Insertion Loss
Connector
Loss due to non-Impedance Match @ ½ Wave Point
Jumpers
Insertion Loss
Connector
Loss due to non-Impedance Match @ ½ Wave Point

Antenna
•
•
•
•

Gain in dBd or dBi
Directivity Gain (yagi, corner reflector, panel antenna, log-periodic)
Gain change over time, temperature, humidity; environmental conditions due to impedance
changes.
Phasing Harness loss if directional antenna array

A simple link budget equation looks like this:
! Received Power (dBm) = Transmitted Power (dBm) + Gains (dB) - Losses (dB)

9. RF Antenna System/In-Building Design Templates
We know the antenna system very well and can help you maximize your system investment. We
need information to do your design correctly. RF Antenna System/In-Building Systems Design
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templates are available to help us obtain the necessary information needed to optimize any system design.
The following are excerpts from those templates:

RF Antenna System Template
EMR Corporation

17431 N. 25th Ave. , Phoenix, AZ 85023 USA

Contact

Time

Date

Company

x

Phone(s)

Source

,

City, ST, ZIP

USA

→ Alan Leffler, Nat'l Sales Mgr., 602-614-6716, 435-602-7070 (M)
→ Bruce Wallace, Regional Sales Mgr. 623-980-2069
Dealer

Integrator

>

RFQ

>

Site ID or Project or Program

>

Combiner System

Re-Quote

Installer

Formal

220

VHF

700/800/900

Verbal

→
→

Country

Mike & Mary Feryan , Regional Sales Managers, 559-636-7946
Tracy Trujillo. Technical Support, 623-581-2875

End User:

Provisional

Time change:

OEM

Repair

Distributor

RMA #

REP

End User

Duplexed

UHF

Consultant

30 Sept. 2016

(M)

@

email

>

Current as of:
Via

Expansion

Ferrite

Amp. Bias
AC or DC

B'Cast

Studio Link

Hybrid

Multicoupler Only

KHz Band Width

Compact Combiner (SYS)
TTA

OR

Monitor

Control Station Simplex (SFR)

Tx Combiner Only

(iPM1)

# of channels

Duplexer Only
Cavity Filter(s) Only

# of Radio I / O 's

Mobile Duplexer
Other, see below

In-Building System Design Template
Uni- and Bi-Directional Class B Signal Booster Systems
Company :
Contact(s):
Address :
City / State /ZIP:
Phone(s) :
Email (s) :
Site Designation:

1)

Repeater TX Frequencies

Down-Link (DL)
(Base Station to Portables -- Repeater Tx)
1)
7)

Repeater RX Frequencies

2) Repeater ERP

Watts

Up-Link (UL)
(Portables to Base Station -- Repeater Rx)
1)
7)

2)

8)

2)

8)

3)

9)

3)

9)

4)

10)

4)

10)

5)

11)

5)

11)

6)

12)

6)

12)

3) Distance between the repeater site
and the BDA donor antenna
Feet
OR

Miles

4a) Downlink Signal Strength as measured on the roof of the building near where donor antenna will be located.
dBm

4b) Downlink Signal Strength calculated from parameters given above in lines 1 - 3 based on LOS; repeaters to donor.
0.00
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10. Frequency Spacing is VERY Important
FILTER FERRITE COMBINING
Filter ferrite combining is a common technique used in Radio Frequency (RF) design to couple
multiple transmit frequencies to a common antenna. Transmit combining is a valuable tool to reduce
antenna count, as well as, wind and weight load on a tower. Additional benefits, inherent in filter ferrite
combiners, includes: transmitter Power Amplifier (PA) protection from collocated or nearby
transmitters, transmitter wide band noise suppression (which helps protect collocated or nearby
receivers), and relatively low insertion loss in comparison to other combining methods.
The three components typical to a filter ferrite combiner build are: Isolator, Cavity resonator, and
phasing harness. An Isolator is an RF device comprised of a circulator and either one or two load
terminations; depending on if the device is a single or dual stage device. In the RF path, the isolator
functions much like a check valve does in your household plumbing system. The isolator provides for
low RF path loss in the forward direction and a high loss path when driven in the reverse direction. The
benefits of the isolator in the filter ferrite combiner are:
1. High ANT-TX isolation. Depending on the manufacturer, between 20 – 35 dB for a single stage
and 40 – 70 dB for dual stage isolators.
2. High TX-TX isolation. Again, depending on the manufacturer, between 30 – 45 dB for a single
stage and 50 – 80 dB for dual stage isolators.
3. Power Amplifier protection from high reflected power. Inclusive of: antenna icing or failure,
water intrusion or other damage to the coaxial cable, improperly mated connectors, collocated
or nearby transmitters, and the other channels in the filter ferrite combiner.
4. Excellent 50 ohm impedance. Typical isolators will have a VSWR of 1.15:1 or better and often
they are as good as 1.05:1.

TX CHANNEL SPACING IN FILTER FERRITE COMBINERS
It can be difficult and frustrating to understand when the transmit channels you have should be filter
ferrite combined, hybrid combined, antennas added, or a custom scheme derived. Just look at all the
various filter ferrite combiner manufacturers. For instance, in VHF you’ll see minimum channel spacing
minimums listed as close as 75 kHz and out to 200 kHz between transmit channels.
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Why is there such a drastic difference between
manufacturer specifications as to how close
transmit frequencies can be in order to filter ferrite
combine? Every manufacturer is using similar
materials to build their combiners and the same
laws of physics. A ¼ wave bandpass cavity will
be primarily made of aluminum, copper, brass, and
Invar. These materials are readily available and
Figure 2: When channels are spaced too closely between
cost effective. The RF performance of these
cavities more power migrates to the adjacent cavity and
results in unwanted heat.
materials is limited by the same laws of physics,
regardless of manufacturer. The difference
between specified channel-to-channel spacing in filter ferrite combiners is one of compromise. As
anyone working any length of time in RF knows, when you look to gain a certain advantage in
performance from an RF device, there will be compromises to performance in other areas. Have you
been made to understand these compromises and provided with potential alternatives?
In a filter ferrite transmit combiner TX-TX isolation is a function of the isolator ANT-TX isolation
and the selectivity of the bandpass cavity resonator. The question is often posed as “Can you filter ferrite
combine these channels?” When the appropriate question is instead, “Should you filter ferrite combine
these channels?” Call the manufacturer, and find out what compromises have been made within their
combiner product. There are always compromises made and when combining at close frequency spacing,
that compromise will include some combination of the following: Input Return Loss, Output Return loss,
Insertion Loss, TX-RX Isolation, RX-TX Isolation, TX-TX Isolation, ANT-TX Isolation, form factor,
higher cost, or increased planned maintenance.
Are these compromises acceptable to you? While the EMR Corp. team can make any compromise
our competitors choose to make, we prefer to work with you to determine the best system configuration
and provide you with an understanding of the advantages and compromises for each possible design
approach. This allows you to make an informed decision on a system that best fits the needs of your
application. We look to optimize each filter ferrite combiner to be “Bullet Proof” in RF performance
regardless of the effects of temperature, humidity, or environmental site conditions.

WHEN SHOULD YOU USE A CAVITY COMBINER?
Isolation between channels must, in part, be achieved through cavity selectivity in a filter ferrite
combiner.
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" Isolation between Cavities
When transmit channels are spaced too close together, a greater amount of power migrates to the
adjacent channel(s) with undesirable results. Excessive heating and then cooling will, over time, cause
changes to the cables dielectric resulting in changes to the electrical length of the cable degrading
combiner performance. The effects will include: increase to insertion loss, a worsening of return loss
and channel-to-channel isolation, and excessive heating of the isolator output load termination. What
this means to you is a system not operating at the peak of performance, increased maintenance, and a
reduction in combiner life expectancy.
Incorporating hybrid combining techniques is a practical solution when TX channel spacing is too
close and you cannot add antennas or a custom solution isn’t viable. Minimum channel spacing where
hybrid combining is simply a better choice based on compromises to performance is when channels are
spaced closer than 200 kHz in VHF and 500 kHz from 700-960 MHz. Hybrid combiners have the added
advantages of higher TX-TX isolation, flexibility of the TX frequency (no retuning), extremely low
maintenance, and the ability to combine TX channels as close as 6.25 kHz. The compromise in choosing
a hybrid combiner solution includes: higher insertion loss and no inherent transmitter wide band noise
suppression.

11. SINAD, VSWR & Return Loss
About SINAD
SINAD is an abbreviation for Signal Input (with) Added Noise (and) Distortion. This has become a
true way to measure the sensitivity of a narrowband FM receiver. The SINAD method most closely
measures the performance of a receiver compared with actual use under weak signal conditions.
There are several commercially available instruments that can make measurements when using a
radio frequency generator that can be frequency modulated as a signal source. To make such a
measurement in typical “narrowband” FM receivers the following procedure is used:
1. A signal generator that has built-in modulation and an accurately calibrated output signal
attenuator is set to the receiver's operating frequency channel. Adjust the modulation to 3.3 kHz
at 1,000 Hz modulation frequency.
2. Connect the SINAD meter audio input leads across the loud speaker terminals of the receiver so
that the receiver's no-signal input noise can be shown on the meter.
3. With no RF signal input to the receiver cause the receiver's squelch to be disabled then set the
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noise indication on the SINAD meter scale to the designated SET POINT or reference mark using
the receiver's volume control.
4. Now, connect the signal generator to the receiver's input connector and advance the signal output
until the SINAD meter indication is 12 dB below the reference point as noted in step 3 above.
5. You can then read the effective sensitivity of the receiver on the signal generators output dial
calibrations in either microvolts of signal or dBm of signal power in terms of a 12 dB SINAD
measurement.
When testing for transmitter carrier or transmitter noise degradation, a coupler is placed between the
duplexer output line from the duplexer and the receiver input. With the duplexer connected to an antenna,
a signal is then injected through the coupler to establish a reference level signal to produce a 12 dB
SINAD reference level. Then the transmitter is activated. If any change in the SINAD reading is noted,
then the signal is increased until 12 dB SINAD is again produced. The difference between the two signal
levels is considered to be the amount of receiver de-sensitization, in dB. Usually if this is less than 1 dB
the duplexer can be considered acceptable, however, a zero degradation condition is more desirable. If
it is 1 dB or higher, added filtering is required in one or both filter branches of the duplexer.

About VSWR
The term VSWR is bandied about in our industry and can be confusing if you do not fully understand
Return Loss also. Transmission line theory describes “Standing Waves” along a transmission line when
an improper impedance match exists between the line and its load, such as the antenna. The effect of
these “Standing Waves” cannot be seen directly, but can be determined by measuring the amount of
transmitter power that is reflected from the opposite end of the transmission line when RF power is
applied. If the load, such as an antenna, does not electrically match the designated impedance (i.e. the
ratio between voltage and current) of the transmission line, the power that is not efficiently radiated into
free-space will be reflected back towards the source.
A practical example of reflected power, which almost everyone has experienced at one time occurs
when talking on the phone and hear an echo of the words you just spoke. This echo is the result of a
poor impedance match in the phone line you are connected to and the echo is the resulting reflected
power coming back to the source. Voltage Standing Wave Ratio (VSWR) is one way of expressing how
well the antenna and the transmission line (including jumpers, lightning arrestor, isolators, filters,
combiners, PA's, LNA, dividers, etc.) are matched to each other and how efficiently power transfers
between them instead of reflecting back towards the source.
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About Return Loss Measurement
Depending on the Device Under Test (DUT), a more useful unit of measure is Return Loss. VSWR
represents the ratio of the input to the reflected signal, which can be expressed as Return Loss and
measured in dB. For example, if you send 100 watts from a transmitter through a length of line to an
antenna and measure 10 watts reflected or returned, the ratio of forward to reflected power is 10:1 – a
Return loss of 10 dB and a VSWR of 1.92:1.
To accurately measure the VSWR of an antenna the measurement must be taken directly at the
antenna. The length of transmission line between the antenna and your test equipment can easily mask
a “bad” antenna making it look “good”. The reason being is the coaxial line loss, to-and-from the
antenna, can mask an antenna with poor impedance because of the greater line loss.

12. Intermodulation
Intermodulation Distortion, or IMD, results when two or more signals mix together and radiate
additional signals at frequencies that are not harmonics of either of the original two signals frequency.
If the IM product is strong enough it will result in severe interference to collocated or nearby receivers.
It is best to know the frequencies and “Site Topology” at all towers, building sites, or antenna farms.
This information allows EMR to perform an IM study to identify the potential for IMD that may exist,
and recommend measures to mitigate the impact to
collocate or nearby receivers. While it is rare for IM
products beyond the 7th order to result in
interference, there are circumstances where it is wise
to evaluate potential IM products out to the 19th
order.
The following is what a typical IM study looks like:
15' collinear tip-to-base separation between tip of TX
antennas and base of RX antennas. TX antennas
same horizontal plane minimum 2+ wavelengths
apart.

Figure 3: Demonstrates how signals from two
transmitters can mix to generate intermodulation
interference to a nearby receiver.
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3 OIM
Receive Channel Transmit A
(MHz)
(MHz)

Transmit B
(MHz)

3 TX Mix IM
Receive channel Transmit A
(MHz)
(MHz)

Transmit B
(MHz)

5th OIM
Receive channel Transmit A
(MHz)
(MHz)
466.90000
464.62500

7th OIM
Receive channel
(MHz)
466.10000
467.30000
467.32500
467.32500

Transmit A
(MHz)
463.25000
463.25000
463.25000
464.55000
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(MHz)

Delta
(kHz)

IM Product
(MHz)

Delta
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Transmit B
(MHz)
463.50000

IM Product
(MHz)
466.87500

Delta
(kHz)
-25.00000

Transmit B
(MHz)
462.30000
461.90000
461.90000
463.62500

IM Product
(MHz)
466.10000
467.30000
467.30000
467.32500

Delta
(kHz)
0.00000
0.00000
-25.00000
0.00000

Transmit C
(MHz)

When analyzing multiple user sites, there may be only a few base stations/repeaters or up to hundreds
of base stations/repeaters in operation. Generally, after the first five or six repeaters are installed at a
given site, some type of interference can be expected if proper site engineering, design, and planning
aren’t exercised.
Given: Transmitter A = 461.725 MHz. Transmitter B = 463.815 MHz. Receiver = 459.635 MHz.
Note: The 2nd harmonic of transmitter A is 923.450 MHz. If we subtract transmitter B’s frequency
from the 2nd harmonic of transmitter A the result is 459.635 MHz. This is called a “3rd Order”
intermodulation product. The “Order” of an IM product is named according to the sum of the harmonic
constituent involved in the mix; in this case 2 times A minus 1 times B, 2+1 = 3rd order IM. When
higher order harmonics are involved, 3A - 2B, the 3rd Harmonic of A less the 2nd harmonic of B, is
referred to as a 5th order IM.
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Figure 4: We see an expanded version showing the addition of an isolator. Were
it not for the isolator placed in Transmitter A’s feed line, the signal strength of
Transmitter B would only be attenuated by the antenna-to-antenna decoupling and transmission line losses. Adding an
isolator between the transmitter PA and the antenna will provide an additional 30 to 35 dB of attenuation per isolator
stage

13. Some Other Potential Sources of I.M. Products
Any electrically non-linear device can produce I.M. interference. Intercoupling between coaxial
cables when bundled in a group, a receive amplifier that is driven past its 1 dB compression point, and
oxidation of some metals can exhibit nonlinear semiconductor characteristics. Some examples of metal
oxidation that cause nonlinear semiconductor characteristics are rusty door hinges, towers or guy wires,
oxidized roof flashing, discarded or unused cable, wire and hardware on the ground around a site, and
improper grounding. An isolator is ineffective in preventing or eliminating IMD that are a result of these
types of sources. The point(s) where the transmitters are mixing must be found and corrected. Good
housekeeping and site cleanliness will go a long way toward preventing such problems.
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14. Desensitization
Another common form of interference occurs when a radio receiver is unable to receive a weak radio
signal which it would otherwise be able to receive if there was no interference present. Desensitization
(desense) to a receiver can originate from either transmitter carrier or wide band noise having sufficient
signal strength to exceed the receivers minimum detectable signal level. Once the minimum detectable
signal level is exceeded, the receiver is degraded, desensitized, and an incoming receive signal will
require greater signal strength to overcome this noise.
The tools needed to combat desense are:
•

Frequency selection. Keep transmit and receive frequencies separated from each other.

•

Antenna decoupling. Separation between transmit and receive antennas will dB-for-dB help
reduce the potential for desense and the resulting need for bandpass and/or pass notch cavity
resonators.

•

Bandpass and pass notch cavity resonators. When frequency selection isn’t good and antenna
space on the tower is limited, it’s time to look to filters to accomplish what is needed to prevent
the receivers from being desensed by collocated transmitters. Filters positioned after the
transmitter PA provide for transmitter wide band noise suppression. Filters between the antenna
and the receiver provide for transmitter carrier
suppression.

15.

Figure 5: Shows a cross section of a typical band
pass cavity resonator with identification of its
elements.

About Cavity Resonators

The cavity resonator consists of an adjustable length
resonator rod, analogous to a ¼ or ¾ wavelength antenna,
placed inside a housing, and coupling loops added to
allow for energy flow both in to and out of the device.
The resonating rod is adjustable in length to allow for
adjusting the operating frequency of the filter. The
housing functions as the antennas ground plane, having
an infinite number of radials, which is folded around the
antenna (resonator rod) and then welded on the bottom to
seal the device. The shape of the housing can be square,
round, triangular, or irregular in shape. The volume of
the housing and the material used in its construction will
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determine the quality factor (“Q”) of the cavity. A higher quality factor denotes a cavity that has greater
efficiency. Most often, aluminum is used for the cavity body due to its availability, cost, and adaptability.
Copper or brass is sometimes used for the body shell and typically for the resonator and coupling loops;
these are usually silver plated to minimize skin effect losses.

Isolator-Cavity Combinations
When several transmitting antennas are too closely spaced on a horizontal plane,
a combination consisting of a band pass cavity(ies) and a single or dual isolators can
provide a high level of protection over a large range of frequencies. An added
benefit with this configuration is that the isolator provides a good 50 ohm load
impedance (close to purely resistive) for the transmitter PA.

W75517/CFC ISO-CAV

16. About Transmitter Power Amplifier (PA) Stages
We mentioned that an isolator will provide a good 50-ohm reference for a transmitter PA stage, but
an isolator is not a transformer and cannot correct for variances in PA output impedance as a function of
its operating parameters. Solid state amplifier designers must deal with the characteristics of the devices
available to use and deal with the class of operation of these devices in their designs. If a PA stage is
designed to produce a given output power level, say 100 watts, over
a given operating frequency band, say 144 – 174 MHz, the design
engineer will optimize performance to 50 ohms, 100 watts, at 159
MHz. When the exciter power is lower than that which produces
the target output power, the current drawn from the power source is
lower resulting in an effective dynamic impedance shift to some
higher value. Conversely, if you try to increase output power to
HUHF800-40H 2R1 HP AMPLIFIER
something greater, say 125 watts, the PA’s impedance will be lower
and its components will be unduly stressed from excessive heating.
In both cases, the PA will no longer represent a good 50 ohm match resulting in some amount of transmit
power being reflected from the isolator back toward the PA circuitry. This sometimes results in the
formation of spurious signals. An impedance shift away from 50 ohms is also in effect as you move
towards the low and high frequency specification for the PA. The lesson here is that you should always
select an amplifier that is designed for the power level that you intend to operate at it in your system, and
incorporate the proper length cable between the PA and the cavity resonator.
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One indication of a PA impedance mismatch is over-heating the
isolator’s input load termination. This mismatch between elements
can be further aggravated with an improper length of coaxial cable
between the PA and the isolator or cavity. One option is to calculate
the correct electrical length of cable to determine the multiple
needed to meet the physical length required. In cases where the
PA’s impedance is still difficult to adjust with the “correct” length
of transmission line, a “line stretcher” can be a useful tool to quickly
match the PA to the isolator or cavity input. Other common names
for a line stretcher are Z matcher, Impedance matcher, Line
Matcher, Micro Matcher.

Figure 6: shows a Line Matcher along
with its equivalent “PI” Network
schematic.

17. Sharing Transmission Lines with Different Bands (Cross
Band Coupling)
The 6050 Series Crossband Coupler uses an aluminum alloy outdoor painted and weather sealed
enclosure with 3 type N female connectors that has a 3” x 5” mounting footprint. This product line
allows any two separate 138 – 174, 406 – 512, or 764 – 960 MHz transmitter
bands to be consolidated in a single common coaxial cable at the radios, and
routed to either a multi-band antenna or separated out to individual antennas
at the top of the tower. Reducing transmission line cost and reducing tower
wind and weight loading.

18.
6050 SERIES CROSS BAND
COUPLER

Frequency Management Tools

TX Combining

A single antenna for each transmitter is certainly a
viable choice. However, there will come a point where rent, antenna cost,
transmission line cost, tower loading, or some combination of these will occur.
This makes coupling multiple transmitters to a common antenna not only
attractive, but necessary. Frequencies (both transmit and receive), transmit
power levels, number of antennas desired, antenna decoupling, cost, size,
insertion loss, output return loss, wide band noise suppression, expansion, and
maintenance are all parameters that will be impacted, in some manner, when
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the decision is made to add frequencies to a site. Each solution has their advantages as well as their
disadvantages and it’s important to understand what sacrifices your system can tolerate for every desired
advantage taken. The following is a collection of various product solutions:

! Filter-Ferrite
In this scheme, each transmit branch is comprised of an isolator and a bandpass cavity followed
by a phasing harness. This allows for low maintenance, the lowest insertion loss, excellent output
return loss (providing “good” TX-TX channel spacing exists), inherent transmitter wide band
noise suppression, and good TX-TX isolation. It is relatively large in size and moderately priced.
Field expansion and retuning can be difficult to do well.

! Hybrid Ferrite
In this scheme, each transmit branch is comprised of an isolator and a 2nd harmonic filter.
Summing to a common antenna is now accomplished with the use of a hybrid coupler instead of
a phasing harness. This allows for extremely low maintenance,
very close channel spacing (adjacent), excellent frequency
flexibility, and excellent TX-TX isolation. It is relatively small
in size and cost effective. Field expansion and retuning are
virtually non-existent. The two major drawbacks are there is
high insertion loss and no built-in transmitter wide band noise
suppression without adding cost and insertion loss.
UHF25432/SYS-50 SYS 3 CH
COMBINER

! Receiver Multicoupler
A receiver multicoupler allows for multiple receivers to utilize a
common antenna, and to achieve similar or better performance
than if a single antenna was dedicated to each receiver. A
multicoupler is a Power Distribution Panel that incorporates a
preselector window located between the receive antenna and the
1 RU MULTICOUPLER
amplifier; with a variety of filter upgrades available for improved
transmitter carrier suppression. A Power Distribution Panel is comprised of a 19” EIA rack
mount panel and chassis tray where a high performance low noise amplifier, power supply, and
power divider are mounted.
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! Duplexer: Transmitting & Receiving on a Common Antenna
A duplexer allows for simultaneous operation of a repeater
having separate transmit and receive frequencies which are
routed to a single common antenna. This reduces antenna and
transmission line costs, reduces tower loading, provides
excellent transmitter wide band and carrier suppression, and
maintains a reciprocal path for transmitting and receiving.

526-4 BASE STATION DUPLEXER

" Band Pass Type
A band pass duplexer has higher branch loss than a pass-reject duplexer; 2 to 3 dB per
branch or higher is typical. A band pass duplexer is a better choice for applications at high
density RF sites. The multiple cavities in each branch will provide added in band selectivity
for the receiver and a high order of spurious and harmonic rejection for the transmitter. A
band pass duplexer will require more and larger higher “Q” cavities. This will result in
higher cost and greater size, and is impractical for closely spaced TX-RX pairs.

" Band Reject (Pass/Notch) Type
A band reject (pass/notch) duplexer has lower insertion
loss and better transmit-to-receive and receive-to-transmit
isolation than band pass duplexers for
the same TX-RX spacing. It costs less
65536/ENC BASE STATION
and is smaller in size. Because of flyDUPLEXER
back inherent in the response of a pass notch filter, some help is
provided to in-band receiver front end selectivity but it’s not unusual to
have to add filters to adequately protect the receiver from other in-band
collocated transmitters.
66542/SNC 800 MHZ BASE
STATION DUPLEXER

" Special Duplexer Types
At today’s overcrowded land mobile sites, there are often conditions that require unusual
pass band and notch responses. The characteristics of the two basic duplexer types described
above may be combined where system needs dictate. Some examples are:
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•

Adding pass-reject cavities to one or both branches of a band pass duplexer to notch
out a bothersome transmit frequency that is close to the receiver branch frequency.

•

Adding band pass cavities to a pass-reject duplexer to increase the effective front
end selectivity of a receiver, or to help in the attenuation of transmitter wide band
noise.

" Mobile Duplexers
Mobile duplexers are provided for use with low power base stations
such as control stations and mobile repeater or transceivers. Since they
are isolated by distance from multi-use sites the benefits provided by
larger fixed station duplexers are not required.
65316-0/MC MOBILE
DUPLEXER

! SYS Compact Integrated Solutions
This is a solution which connects multiple repeaters to a single common antenna. This is not only
a transmitter combiner but also a multicoupler and duplexer. It is small in size and very
economical. It can tolerate adjacent channel spacing, frequency
flexibility is good, and excellent TX-TX isolation. The transmit side
of this system is a hybrid combiner, and suffers the same high insertion
loss. It also includes a duplexer which increases that loss. This vastly
improves transmitter wide band noise suppression for the associated
receivers, but lessens the frequency flexibility of the straight hybrid
solution.
UHF25442/SFR1-50 CONTROL
STATION COMBINER

! Control Station Combiners
This is a solution which connects multiple radios having a
single antenna port to two antennas, one transmit and one
receive antenna. A duplexer can be used to route this to a
W65542/7 FERRITE COMBINER
single antenna, but this is typically only useful in 700 MHz
bands and above. The major advantage of this scheme is frequency flexibility is very good with
no elements to retune. The disadvantages are high insertion loss and requires a significant amount
of antenna decoupling between the receive and transmit antennas. Adding a duplexer will
increase cost, size, and insertion loss, but eliminates one antenna and the need for antenna
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decoupling.

! Short Haul Combiners
Short Haul Combiners is also a solution which connects multiple radios having a single antenna
port to a single antenna. It has extremely broad frequency response at each in/output and is very
cost effective. The only disadvantage to this approach is extremely high insertion loss; hence the
name.

19. Improving RX Sensitivity with Multicoupler Choice
Tower top receiver multicouplers can improve receiver performance in
effective receiver sensitivity and a subsequent improvement in range compared
to a standard multicoupler with identical characteristics. This improvement in
effective receive sensitivity is the result of placing the receive amplifier at the
top of the tower very close to the antenna. This reduces noise as the result of a
better match between the antenna and the amplifiers first stage as well as a
reduction in line loss which reduces system noise figure dB-for-dB. A tower top
multicoupler is much more expensive than a standard multicoupler; it’s more
difficult to maintain, trouble shoot, retune, expand, and replace. A good rule of
thumb is if there isn’t more than 5 dB of loss in the cable between the antenna
and the multicoupler, stick with a standard multicoupler.

96108-0/P-5C TOWER TOP RX
MULTICOUPLER

There are options available in Tower Top Multicoupler to offset some of the downsides; these
additional features will also increase the cost. Upgrades available to Tower Top Multicouplers include
but are not limited to Amplifier Bypass, Backup Amplifier with manual and/or automatic bypass, and
signal injection test port.

20. Conclusion
While using a “Cookie Cutter” design approach can result in acceptable system performance such
will always result in compromises systems range, coverage, capacity, interference, and maintenance.
The radio, PA, isolators, cavities, cable, lightning protection, preamplifiers, multicoupler, combiner, and
antennas are all interactive elements. It is critical to have people in place, including suppliers who are
assisting in system design, that thoroughly understand the compromises and benefits of all possible
schemes to optimize the performance of your entire antenna system. When properly designed,
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Figure 7: Example of a Co-Located LTE System

manufactured, and installed, the system will provide those using the system the best possible coverage
and capacity. It will also minimize maintenance, troubleshooting, and down time. Unfortunately, the
“Radio Man” is a rapidly disappearing breed and those filling that void are often IT professionals that
lack the necessary skills to optimize and balance an RF system.
The interesting implication is that the RF Antenna System Subset, while only representing a small
percentage of the systems cost (1 to 10 percent depending on configuration) can have profound
implications on the systems overall performance. Getting it right is extremely important to all stake
holders and those involved in the design, manufacture and deployment.
Our interest is in providing the customer Antenna Systems Equipment that drops into place and works
exactly as advertised. We look to anticipate problems before they become an issue eliminating reworks,
retrofits, and potential safety implications.
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Notes
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EMR Manufactures:
HIGH QUALITY R.F. FILTERING EQUIPMENT:
AMPLIFIERS
ANTENNA DUPLEXERS
BI-DIRECTIONAL ENHANCEMENT SYSTEMS
CAVITY RESONATORS
CIRCULATORS
CROSSBAND COUPLERS
FILTER-FERRITE TRANSMITTER COMBINERS
HARMONIC FILTERS
HYBRID-FERRITE TRANSMITTER COMBINERS
INTERMODULATION CONTROL PANELS
ISOLATORS
ISO-CAVS
ISO-PLEXERS
LINE MATCHERS
LOAD TERMINATIONS
LOW PASS FILTERS
RECEIVER MULTICOUPLERS
TOWER TOP RECEIVE MULTICOUPLERS
EMR will help you with:
PRACTICAL ANTENNA SITE ENGINEERING
INTERMODULATION CONTROL
I.M. CALCULATION STUDIES
MASTER ANTENNA SITE PLANNING
INTERFERENCE PROBLEM TROUBLE SHOOTING
SYSTEM INSTALLATION
SYSTEM OPTIMIZATION
INFORMATIVE THECHNICAL LITERATURE
EMR will also provide:
ANTENNA SITE CONSULTING SERVICES
ON-SITE SERVICES
SYSTEM INSTALLATION
SYSTEM OPTIMIZATION
SYSTEM QUALIFICATION
FIELD EXPANSION
SYSTEM TROUBLE SHOOTING
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