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With the advent of terrestrial digital broadcasting, new and improved digital 

transmitter technologies are required since existing analog transmitter technology is, for 

the most part, unable to adequately transmit a decodable digital television signal.  This 

study focuses on the design and construction of a solid-state, liquid-cooled UHF digital 

television transmitter.  Emphasis is placed on the design of the amplifier module 

including the amplifier card, Wilkinson splitter and combiner, input and output matching 

circuits, DC bias network and the system mask filter.  The results of this research are also 

presented for two television transmitters that are installed and continue to be in use today, 

including analyses of specific failures that have occurred while in the field. 



The overall objective of this study is to document the research that is behind the 

design of this system and to document the construction of the transmitter for reference as 

a basis for future designs. 
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CHAPTER I 
 

INTRODUCTION 
 
 

 With a United States Congressional mandate, the Federal Communications 

Commission (“FCC”) has required all United States full power television stations 

transmit an 8VSB digital signal at full authorized power by June 2006.  The reason for 

adopting a new transmission standard is twofold, giving the consumer access to a much 

higher quality picture with a clearer signal, higher resolution images and bolder colors 

while allowing for a revised bandplan, reducing the number of over the air broadcast 

channels available from 82 to 50 (channels 2 through 51), but allowing multiple data 

streams per channel, with the possibility of four or more standard definition video 

streams per channel.  The Advanced Television Systems Committee (“ATSC”) has 

recommended standard practices that are required and enforced by the FCC, 

encompassing all technical specifications for digital television transmission including the 

8VSB standard, the method by which has been developed and patented by Zenith 

Corporation.  The new digital transmission standards require that all stations upgrade 

their studio facilities and build new transmission plants, including the Studio-To-

Transmitter microwave link, transmitter, transmission line and antenna.
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 The core of the new digital transmission facility is the transmitter itself which 

requires a complete redesign of fifty year old technology.  It would have been desirable 

for the broadcaster to convert his existing transmitter to digital operation, but this proved 

to be impractical for two reasons.  First, the older transmitters, although linear enough to 

carry the approximately 4.5 MHz of video bandwidth required for analog operation with 

linearity correction, were not linear enough to properly handle the full 6 MHz bandwidth 

required for 8VSB transmission.  Second, the broadcaster is required to operate both 

digital and analog operation for several years, and converting a transmitter over to digital 

operation would preclude the operation on analog. 

A new reliable digital television transmitter is required to fill the need of the 

broadcaster during the transition period.  This transmitter should be capable of cost 

effective low power operation as well as expansion to full power operation at the end of 

the transition period.  The UHF-4DTV transmitter was specifically designed for this 

purpose.  With versatility in mind, the transmitter was designed with a modular approach 

so amplifier trays could be added or removed to meet the customer’s power requirements, 

or so that multi-tray systems could have one or more of the amplifier trays removed for 

servicing without completely shutting the transmitter down. 

All work on this transmitter system was performed at and funded by Microwave 

Service Manufacturing, Incorporated, a spinoff company from Microwave Service 

Company of Mississippi.  Microwave Service Company was formed approximately fifty 

years before this writing.  Their mission was to design, manufacture and maintain 

microwave equipment for the broadcast and telephone industries with a wide range of 
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products in the six and seven gigahertz bands.  With the advent of the terrestrial digital 

broadcast conversion,  Microwave Service Manufacturing, Inc. (MSM, Inc.) was formed 

with the sole vision to build low, medium and high power digital broadcast transmitters, 

with its most popular and versatile system, the UFH-4DTV four kilowatt, solid-state, 

liquid-cooled digital television transmitter. 

This thesis is focused on the design and construction of a liquid-cooled solid-state 

digital transmitter.  The requirements for 8VSB digital transmitters are discussed in 

Chapter 2.  A discussion of the development of the hardware used in the water cooled 

digital transmitter is presented in Chapter 3.  Transmitter performance is outlined and 

discussed in Chapter 4.  The work encompassed by this thesis is summarized and further 

research recommendations are reviewed in Chapter 5.
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CHAPTER II 

REVIEW OF THE LITERATURE 
 
 
 

This chapter presents an overview of the new standards by which all television 

broadcast transmitters must adhere to be in compliance with Federal Communications 

Commission regulations. 

 
ATSC Digital Television Transmission Standard 

 
At the time of this writing, the Advanced Television Systems Committee (ATSC) 

standard for digital television, designated A/53, had been adopted by Canada, South 

Korea, Taiwan, Argentina and the United States Federal Communications Commission  

[1].  This standard is the result of many years of work by leading government and 

industry experts and is intended to be the defacto standard for terrestrial television 

broadcasting for many years to come.  The A/53 standard describes system operating 

protocol and characteristics and their subsystems required for originating, encoding, 

transmitting, receiving and decoding of video by terrestrial broadcast systems.  This 

system is intended to replace the National Television Standards Committee (NTSC) 

analog transmission standards with the new ATSC transmission standard while 

maintaining the 6 MHz channel allocation system currently in use in the United States.
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The ATSC A/53 standard specifies a system to transmit digital video, digital 

audio and data of various data rates through a system at 19.39 megabits per 

second(Mb/s).  The standard does not mandate at what data rates the individual 

components be encoded, but does require that the sum of all components with payload 

and overhead be 19.39 Mb/s.  This flexibility allows the broadcaster to make his own 

decision as to the quality of video to be transmitted, if at all.  At the time of this writing, 

the FCC requires that all existing television broadcasters use their primary stream to co-

transmit their current analog programming, but the quality of this signal is yet undefined 

and could be in either standard definition or high definition, with a variety of encoding 

rates for each.  This gives the broadcaster the option to use most of his allotted bandwidth 

for a high definition video program, or the same bandwidth for four standard definition 

programs, or using the same bandwidth for a single standard definition video program 

and a high speed data channel. 

 

Six dB Power Ratio 

In digital communication systems like the 8VSB ATSC system, the signal is 

random and noise-like, therefore digital systems have a well defined average power, but a 

statistically defined peak envelope power.   It is well documented [2] that the average 

power of an 8VSB system will be 6.5 dB below the peak power 99.9% of the time.  This 

6.5 dB peak-to-average power ratio is critical in all aspects of transmission system 

performance.  The amplifiers in an 8VSB transmitter must be rated to operate four times 

the measured average power; therefore, a transistor rated for an FM power level of 250 
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watts is only capable of operating at 56 watts for ATSC television.  The entire transmitter 

system must be designed to operate at four times the actual average output power because 

at any moment the instantaneous power may be four times the average power and all the 

system components must be capable of handling the peak power.  If an attempt is made to 

operate an amplifier without 6.5 dB of peak-to-average headroom, a seriously degraded 

signal will occur, resulting in possibly a total loss of picture at the receiver.  It is critical 

that all components are able to be operated linearly up to the peak power levels of the 

transmitter.   

 

Signal Distortion 

There are two major interrelated sources of non-linear distortion in a wide-band 

digital transmitter system: over-driving the amplifier into the non-linear region of 

operation and intermodulation distortion.  Both of these can be the cause or result of the 

other and both can have serious implications on the quality of the transmitter signal.  

Intermodulation distortion (IMD) occurs when mixing of various signals within the 

amplifier occurs producing unwanted signals both in and outside the band or channel 

edge.  Excessive IMD can consume more power than the wanted signals within a band 

which results in a serious drop in the transmitter signal-to-noise ratio [3].  A signal-to-

noise ratio of 27 dB is absolute minimum [4] for a transmitted signal for broadcast DTV.  

For every 0.25  below the 27 dB SNR threshold, there will be a corresponding ¼ mile 

reduction in the coverage area from the transmission point [5], even though there will be 

no reduction in transmitted power.   
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 IMD can also be emphasized when an amplifier is operated beyond the non-linear 

region.  In this case, the fundamentals will be compressed or limited but there is still 

room for spectral growth from the IMD products.  This condition will not only cause a 

serious reduction of the signal-to-noise ratio, but will also drastically increase the symbol 

error rate since the peak signals are being compressed into erroneous data.  An 8VSB 

digital amplifier operating at the 1 dB compression point will clip considerably and 

AM/PM conversion will become uncorrectable [6].   

Intermodulation distortion produced in a solid-state amplifier is measured as IP3, 

or the third-order intercept point.  This is the point at which the third order IMD products 

would intercept and then overtake the fundamentals in output power [7].  This point is 

usually beyond the saturation point of the transistor and cannot be practically realized, 

but makes an excellent benchmark for the operation of an amplifier.  It has been shown 

that the ratio of the slope of the IP3 power to the fundamental power is at least 2:1 [8] for 

a class A amplifier.  In this design a class AB amplifier is used to achieve greater 

efficiency, but IMD products of much higher orders with greater slopes can greatly 

reduce the performance of a class AB amplifier over the more linear class A amplifier 

[9].  Class A amplifiers can only achieve efficiencies of 10% or less, and are therefore 

only desirable for operation at lower power or pre-amplifier levels.  Efficiencies 

approaching 30% or greater are achievable with a class AB amplifier while keeping the 

spectral regrowth at or below -30 dB [10].   
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The design of this transmitter is based on a solid-state balanced amplifier design 

that takes into consideration the linear operation of the amplifier as well as the non-linear 

distortions produced by the amplifier including intermodulation distortion.  Without 

proper control of IMD, the system would operate inefficiently with a poor signal-to-noise 

ratio and a high symbol error rate.  In addition, high IMD will cause spectral regrowth 

outside the channel edge, which will be wasted energy reflected back to the amplifier 

from the mask filter.  It is of utmost importance that the design limits the system non-

linearities and the intermodulation distortion while maximizing the power produced and 

the signal-to-noise ratio.  The higher the power and better the SNR, the better the quality 

of signal will be at the receiver, and since this is digital television, the consumer will not 

be satisfied with a marginal signal.  Unlike analog television, a marginal DTV signal will 

not produce a picture at all. In comparison, NTSC video has performance considered 

marginal at 34 dB above the noise floor, while an 8VSB signal would have to drop below 

15 dB above the noise before any signal degradation is noticed [11]. 

Signal-to-noise ratio or SNR (or S/R) refers to post detection signal-to-power 

noise ratio and is defined as the average power of the ideal symbol values divided by the 

noise power, or the difference between the ideal signal and the actual signal as 

demodulated along the in-phase real axis [12]: 

 

 
)(

)(

ACTUALIDEAL

IDEAL

IIPower
IPower

SNR
−
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The ATSC recommends that the SNR of a transmitter be at least 27 dB and is 

standard industry practice [13].  The higher the SNR the better the quality of the 

transmitter signal, and the better the coverage of the transmitter [14].  This figure was 

selected because with a 27 dB SNR, the receiver threshold will degrade approximately 

0.25 dB.  If the SNR is increased by 5 dB to 32 dB the margin increases to only 0.15 dB, 

but if the SNR is decreased by only 2 dB to 25 dB, the reception margin decreases to 0.45 

dB [15].  Clearly, any SNR increase above 27 dB has little improvement on the 

transmitted signal, while SNR changes below 27 dB will rapidly degrade the signal.  

Therefore, 27 dB is the target operation point for 8VSB transmitters and a SNR less than 

27 dB quickly becomes a marginal signal at the receiver.
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CHAPTER III 

DEVELOPMENT OF THE SYSTEM HARDWARE 

 

 The UHF-4DTV transmitter consists of three major subsystems, each of which 

can be further divided into individual components.  The first major subsystem is the 

8VSB modulator.  The modulator accepts a SMPTE-310 transport stream input and 

modulates it on channel per the ATSC 8VSB standard.  The modulator also has a linear 

and non-linear precorrection circuit and firmware that constantly monitors a feedback 

signal from the output transmission line.  This feedback signal is analyzed to produce an 

error correction signal that is then combined with the original 8VSB signal to produce a 

corrected signal compensated for linear and non-linear errors in the amplifiers and filters.  

The second subsystem is the amplifier.  The amplifier consists of a computerized 

control and monitoring system, cooling system, power supplies and several amplifiers 

connected in series with increasing gain so that the combined output is up to 4 kW 

average power per amplifier cabinet.  Most of the design work for this transmitter and the 

emphasis of this work is on the basic amplifier card, the intermediate power amplifier 

(IPA) and the final power amplifier (PA). 

The last subsystem before the transmission line and the antenna is the filter 

system.  For digital broadcast transmitters, two are required, a mask filter to limit the 

bandwidth prior to the harmonic filter, which eliminates the transmission on odd
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multiples of frequencies above the intended channel.  The mask filter is especially 

important during the analog-to-digital transition period during which there will be twice 

the number of television stations operating in the United States than were originally 

allocated and some channels will be operating within close proximity of the next adjacent 

channel.  The mask filter will help to prevent overlap onto the adjacent channels and 

minimize interference during the transition period.  The complete system block diagram 

is shown in Figure 3.1. 

 

8 VSB
Modulator IPA PA

Control
System

Liquid
Chiller

SMPTE-310
Input

RF
Output

Filter
System

 
 
Figure 3.1 Transmitter System Block Diagram 

 
 
 
 

Modulator 
 

After a series of trials, the K-Tech Telecommunications VSB-ENC-200 8VSB 

Modulator was chosen as the modulator for the UHF-4DTV Transmitter.  This unit was 

selected for a number of reasons including its versatility and ability to adapt to a wide 

variety of operating conditions with only soft programming changes.  The K-Tech 

modulator was also proven to be very stable and have a faster response time than all the 
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competition when adapting its linear and non-linear tables to changes in the operating 

environment, while other units tested often took hours to adapt to these changes.  MSMrf, 

Inc. felt it was very important for a transmitter to quickly adapt to changes in the 

operating environment since some changes can occur very quickly.  For example, a UHF 

transmitting antenna installed at 1500 feet above ground level can be completely covered 

in ice during a winter storm, thus changing the entire system from a linear system over 

the channel bandwidth to a very non-linear system in just a matter of minutes requiring 

rapid system pre-correction in order for the viewer at home to keep the received bit error 

rate low enough to maintain a viewable picture. 

A block diagram of the K-Tech Modulator is shown in Figure 3.2.  For more 

information regarding the technical specifications of the K-Tech modulator, refer to 

Appendix C. 
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Figure 3.2 K-Tech 8VSB Modulator Block Diagram 
 
 
 

Amplifier Card 
 

The entire transmitter system was built around a single amplifier card that is used 

in both the intermediate power amplifier and the power amplifiers, and in both the 

preamplifiers and main amplifiers in each unit.  This was done to minimize the use of 

different parts to minimize design, maintenance and inventory costs.  After an exhaustive 

search, the Motorola PRF377 (MRF377) was selected as the transistor for the amplifier 

cards.  The PRF377 was selected based on its ability to operate over the entire UHF 
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television band, or 470 to 860 MHz, with a very flat gain over the entire range of 

operation.  The PRF377 has high gain with high power handling capability with low third 

order intercept (IP3) and is packaged in a Class AB matched transistor package.  Specific 

details on the PRF377 can be seen in the Motorola data sheet in Appendix B. 

In addition, the Anaren 3A325 balun transformer was selected to split and 

combine the power into and out of the transistors and provide the 180 degree phase shift 

between the two transistors.  The 3A325 was selected based on its frequency range of 

operation, high power handling capability, and flat response over the UHF frequency 

band.  The 3A325 is manufactured in a small surface mount package, making automated 

manufacturing of the amplifier cards feasible.  Figure 3.3 shows plots of the 3A325 SWR 

vs. frequency along with a plot of M21 vs. frequency where M21is the power measured 

from the input port to one of the output ports with the second input port terminated into 

25 ohms.  
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Figure 3.3 Measured S-Parameter Data for the 3A325 Balun 
 

 

 With the transistor, balun and substrate selected, the matching network was 

designed for the input and output of the transistor.  The transistor impedances used for the 

matching network design are shown in Table 3.1. 
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Table 3.1 
 

Source and Load Impedances of the PRF377 Transistor 
 

Frequency
(MHz)

Source Impedance
(Ω)

Load Impedance
(Ω)

470 5.79 - j2.40 6.21 - j1.69
560 6.63 - j2.63 5.66 - j1.12
660 6.57 - j4.03 6.76 - j1.00
760 6.67 - j 4.55 6.57 - j1.91
860 5.34 - j6.28 7.37 - j5.45  

 
 
 

With input from the Motorola Engineering Group and the PRF377 datasheet, the 

input and output matching transformers were designed and simulated using Link [16] 

software.  The input section starts with a 50 ohm unbalanced input which is then 

converted to 50 ohm balanced through an Anaren balanced-unbalanced transformer 

(balun).  The 50 ohm balanced output of the balun, which is in fact 25 ohms to ground, 

then passes through a three section matching transformer that consists of a 22Ω section, a 

14.5Ω section, a 12.5Ω section and then steps to the input impedance of the transistor 

which is approximately 6Ω.  This configuration provides a broadband match across the 

DTV band with a typical VSWR of less than 5:1 without any additional reactive 

components.  Table 3.2 lists the required matching section impedances and line lengths. 
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Table 3.2 
 

Amplifier Card Microstrip Line Requirements 
 

Required Impedance
(Ω)

Required Length 
(Wavelength)

Required Length 
(Degrees)

25.0 - -
22.0 0.0454 16.344
14.5 0.0046 1.667
12.5 0.0316 11.376  

 

The simulation results for the broadband input matching network are shown in Figure 3.4 

and the input circuit block diagram can be seen in Figure 3.5. 
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Figure 3.4 Broadband Input Matching Network Simulation Results 
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Figure 3.5 Broadband Input Matching Network Design 

 

 The amplifier cards are constructed in microstrip form using Rogers RO3003 

substrate 0.030in (0.762mm) thick with 1oz. (35µm) rolled copper on both sides of the 

material.  This material has a dielectric constant, εr, of 3.00.  Based on a material 

thickness of 0.762mm, it is estimated that a W/d ratio will be greater than two for the 

25Ω, 22Ω, 14.5Ω and 12.5Ω lines where W is the width of the upper microstrip conductor 

and d is the separation distance between the upper conductor and the ground plane, as 

shown in Figure 3.6. 
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d = 0.762mm

d = 0.762mm

W14.5 = 9.628mm W12.5 = 11.41mm

W25.0 = 4.999mm W22.0 = 5.866mm

 

Figure 3.6 25Ω, 22Ω, 14.5Ω and 12.5Ω Microstrip Line Widths on 0.762mm Substrate 
 

 

With W/d > 2 it is possible to calculate the line width required for the 25Ω, 22Ω, 14.5Ω 

and the 12.5Ω lines and the line lengths required using [17]: 
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Where: 
 0Z  = characteristic impedance 
 φ  = phase shift in degrees 

 
d
W  = width to depth ratio of the microstrip line 

 eε  = effective relative permittivity of the material 
 l  = length of the microstrip transmission line at impedance and frequency 
 0k  = the free space or air wavenumber 
 

By substituting in for the known values, the width of the 25.0Ω line is found: 
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For the 22.0Ω line: 
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 mmmmW 866.5)762.0(698.70.22 ==  (3-11) 
 
 
 
The 16.344° length of 22Ω line at band center or 581MHz:  
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For the 14.5Ω line: 
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The 1.667° length of 14.5Ω line at band center or 581MHz:  
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For the 12.5Ω line: 
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The 11.376° length of 12.5Ω line at band center or 581MHz:  
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The results of the above calculations are shown in tabular form in Table 3.3 and Figure 

3.7 shows the layout of the microstrip realization of the input matching network. 

 

Table 3.3 
 

Calculated Microstrip Line Widths and Lengths 
 

Required Impedance
(Ω)

Required Length 
(Wavelength)

Required Length 
(Degrees)

Calculated Width
(mm)

Calculated Length
(mm)

25.0 - - 4.999 -
22.0 0.0454 16.344 5.866 14.44
14.5 0.0046 1.666 9.628 1.45
12.5 0.0316 11.376 11.41 9.858
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Figure 3.7 Input Matching Network Microstrip Layout 

 

A broadband solution was investigated with the intention that a single amplifier 

card could be used anywhere within the UHF television band, but this proved to be 

somewhat impractical since the amplifiers could be made much more efficient by tuning 

them for narrowband operation.  Since the amplifiers are needed for only a 6MHz portion 

of the DTV band, they were tuned to specific DTV channels with the addition of passive 

reactive components to improve the performance for that specific channel.  The balanced 

broadband design was converted into a single ended design and implemented in the 

WinSmith software package [18].  Capacitors were added one at a time starting at the 

25.0Ω 22.0Ω 

12.5Ω 

14.5Ω 
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load end of the match and working towards the source.  After each capacitor was added, 

the circuit was fined tuned by adjusting the value of the capacitor and the position along 

the microstrip until the input was as close to 50 + j0Ω as possible at channel center (485 

MHz for channel 16).  This process was repeated until a good match was achieved.  The 

circuit was then converted back to a balanced design and re-simulated using the Link 

software package [19].  The circuit was fine tuned in Link for maximum flatness, tilt and 

gain across the 6 MHz wide channel, while SWR was minimized.  By adding capacitors 

to the input matching network, the single channel performance for channel 16 (482-488 

MHz) improved from a maximum SWR of 4:1 to 1.2:1 across the channel, and the loss 

through the network was reduced from 2.8 dB to 0.3 dB.  The simulation results for the 

narrowband input match for channel 16 can be seen in Figure 3.8 and the narrowband 

input block diagram in Figure 3.9 

 



 

- 26 - 

480 481 482 483 484 485 486 487 488 489 490
-5

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

Lo
ss

(d
B

)

Frequency (MHz)

Simulation Results for the Narrowband Input Match

 

 

480 481 482 483 484 485 486 487 488 489 490
1

2

3

4

5

6

7

8

9

10

S
W

RM21
SWR

 

Figure 3.8 Simulation Results for the Narrowband Input Matching Network 

 

Figure 3.9 Channel 16 Narrowband Input Matching Network Design 

  

 

 To verify the input match design, the simulations for both the broadband and 

narrowband cases were repeated with the transistor removed from the circuit and replaced 
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with a ground on one leg of the balanced match and a 50 ohm load on the other leg.  This 

is necessary to simulate the circuit being terminated by a network analyzer as in the 

measurement connection of the transistor.  Figure 3.10 shows the wideband case for the 

input match loss through the circuit and 3.11 shows the SWR, with both the simulated 

and measured results over the UHF DTV band.  Figures 3.12 and 3.13 show the same 

data but over channel 16 only and Figures 3.14 and 3.15 represent the simulated vs. 

actual results for the narrowband match again for channel 16.  In all cases, the dashed line 

represents the simulated results. 

 It is interesting to note that the measured broadband results seem to fall off above 

550 MHz, which is near the design center of 581 MHz.  However, even with this 

degradation, the measured results are still within 1 dB of the simulated results.  It is also 

interesting that the narrowband measured results were over 2 dB better than the simulated 

results.  This improvement can be attributed to the fact that the losses in the physical 

realization of the design were not accounted for in the simulation and that this circuit was  

tuned for the test configuration while no further tuning was performed on the simulation. 
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Figure 3.10 M21 Data for the Broadband Input Match Over the UHF DTV Band 
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Figure 3.11 SWR Data for the Broadband Input Match Over the UHF DTV Band 
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Figure 3.12 M21 Data for the Broadband Input Match for Channel 16 
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Figure 3.13 SWR Data for the Broadband Input Match for Channel 16 
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Figure 3.14 Simulated vs. Measured M21 Data for the Narrowband Input Match 
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Figure 3.15 Simulated vs. Measured SWR Data for the Narrowband Input Match 
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 The output matching section is essentially the input match in reverse as is shown 

in Figure 3.16.  The output impedance of the transistor is approximately 6Ω that steps to 

the 12.5Ω section of the match, which then feeds the 14.5Ω section and the 22Ω section.  

The last transition is to 25Ω to feed the balun transformer which converts the 50Ω (25Ω 

to ground) balanced input to a 50Ω unbalanced output.   

 

 

Figure 3.16 Output Matching Network Microstrip Layout 

 

 The simulation results for the broadband output matching network are shown in 

Figure 3.17 and the output matching network block diagram, in Figure 3.18. 
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Figure 3.17 Simulation Results for the Broadband Output Matching Network 

 

 

 

 

Figure 3.18 Broadband Output Matching Network Design 
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 This configuration also provides a broadband match over the DTV band, but 

passive components are again added to make the amplifier channel specific. Once again, 

the design was simulated using the WinSmith and Link software packages and by adding 

capacitors and inductors to the matching sections, the amplifier efficiency and linearity 

was improved at the band edges.  Although the broadband amplifier cards worked well 

on any channel over the entire DTV band without the addition of any components, the 

decision was made to narrowband the cards to specific channels to maximize 

performance for that particular system.  By tuning the amplifier card output narrowband, 

the SWR over a single channel improved from 4.4:1 to 1.5:1, and the loss through the 

matching network improved from 3.1 dB to 0.4 dB as can be seen in Figure 3.19.  Figure 

3.20 shows the narrowband output match for channel 16.   
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Figure 3.19 Simulation Results for the Narrowband Output Matching Network 

 

 

Figure 3.20 Channel 16 Narrowband Output Matching Network Design 
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 To verify the output match design, the simulations were once again repeated for 

the broadband and narrowband cases with the transistor removed and replaced with a 

ground on one leg of the balanced match and a 50 ohm source on the other leg to simulate 

the measurement circuit with the connection of the network analyzer as opposed to the 

transistor.  Figure 3.21 shows the broadband case for the output match loss and Figure 

3.22 shows the SWR, with both the simulated and measured results over the UHF DTV 

band.  Figures 3.23 and 3.24 show the same data but over channel 16 only and Figures 

3.25 and 3.26 show the simulated vs. actual results for the narrowband match over 

channel 16. 
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Figure 3.21 M21 Data for the Broadband Output Match Over the UHF DTV Band 
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Figure 3.22 SWR Data for the Broadband Output Match Over the UHF DTV Band 
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Figure 3.23 M21 Data for the Broadband Output Match for Channel 16 
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Figure 3.24 SWR Data for the Broadband Output Match for Channel 16 
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Figure 3.25 Simulated vs. Measured M21 Data for the Narrowband Output Match 
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Figure 3.26 Simulated vs. Measured SWR Data for the Narrowband Output Match 
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As with the input match test results, the measured performance falls off just below 

the design center of 581MHz but is still within 1 dB of the simulated results.  The 

measured narrowband performance was also significantly better than the simulated 

results, which is also due to the fact that the actual circuit was tuned for the test 

configuration while no tuning was changed on the simulation for the test case. 

With a simulated loss of 0.3 dB and 0.4 dB in the tuned input and output matching 

sections, respectively, and a power gain of at least 16.5 dB from the amplifier, each card 

should realize an overall gain of 15.8 dB.  The MRF377 transistor has a rated output [20] 

of 64 watts.  With a loss of 0.4 dB on the output match, the worst case power available at 

the output of each card is 58.4 watts.  In order to drive the transistor to its rated output, an 

input power of 1.54 watts must be present at the input of the amplifier card.  After initial 

hardware tests, fine tuning was performed on a per-channel basis for each transmitter.   

The drain is supplied 32VDC from a switching power supply mounted externally 

from the amplifier drawer.  Each power supply is capable of supplying two PA modules 

to full power.  The 32VDC enters the amplifier card through two standoffs that provide 

an electrical connection to the power distribution card mounted on top of the amplifier 

cards.  The standoffs on the cards provide both a mechanical mount and an electrical 

connection between the power distribution card and all nine of the amplifier cards.  The 

power distribution card has a 0.025Ω resistor and a 5µH inductor on each of the nine 

outputs.  The purpose of the resistor is to provide input current monitoring for each 

amplifier card, and the inductor is to provide additional RF decoupling between the 

amplifier cards and the power distribution buss.  Upon entering the amplifier cards, the 
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32VDC is filtered with four capacitors before passing through an 8nH inductor that 

couples the DC to the drain on the transistor and blocks the RF from coupling back 

through to the DC power supply.  The identical circuit appears on both sides of the 

transistor, one for drain side A and one for side B. 

It was desired to have a single DC input per amplifier card, therefore requiring the 

gate bias circuit be designed on the amplifier card receiving its input voltage from the 

32VDC drain voltage.  Both the gate bias and drain voltage had to be appropriately 

coupled and filtered to the circuit as to avoid having the power supply sink the RF, or to 

have the RF couple into the DC supply.  A low-pass dual L-C network was designed and 

simulated using a pair of inductors in series with the DC and a capacitor to ground.  

Three additional capacitors are installed on the DC input side of the network to add 

additional DC filtering for the gate supply.  The initial values of the inductors and 

capacitors were determined using the formula  

 
LC

f c π2
1

=  (3-25) 

 
and were fine tuned by performing a computer simulation with MultiSim [21].  The bias 

circuit filter network can be seen in Figure 3.27. 
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Figure 3.27 Amplifier Bias Filter Network 

 

 The bias filter network simulation results are shown in Figure 3.28.  From Figure 

3.28 it can be seen that the simulated AC response of the bias circuit is 136 dB down at 

470 MHz – the low end of the UHF broadcast band.  A test circuit was constructed and 

the response of the circuit at the frequencies of interest was below the measurable values 

of the test equipment available using an Agilent 8753ET network analyzer which only 

allowed for 110 dB of dynamic range which is less than the simulated 136 dB.  Another 

test was performed by taking a sample from the DC input to the filter network and 

running it through a DC block and then to the spectrum analyzer.  There was no RF 

signal indicated above the noise floor on the spectrum analyzer.  There are two gate bias 

filter networks on each amplifier card, one for each transistor in the push-pull transistor 

package. 
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Figure 3.28 Simulation Results for the Input Bias Filter Network 

 

 

 The gate bias filter is fed from the gate bias voltage regulator which is a common 

regulator for both transistors in each package ensuring a common quiescent operating 

point for both halves of the package.  The 32V DC drain voltage is regulated by a 

LM78L15 voltage regulator 15V DC.  The output of the regulator I.C. is then fed through 

a voltage divider network with a variable resistor to set the quiescent operating point of 

the transistor or IDQ.  The voltage divider consists of a 10kΩ potentiometer in series with 

a 8.2kΩ resistor and a 3.3kΩ resistor tied to ground.  The output of the divider network is 

taken at the junction of the 8.2kΩ and the 3.3kΩ resistors.  This configuration allows for 

a bias voltage adjustment range of 2.3-4.3V DC.  This can be calculated by taking the 

two extremes of the potentiometer, 0Ω and 10kΩ, and working the voltage divider 

equation: 

 VdcVBIAS 3.2
1000082003300

3300)15( =
++

=  (3-26) 

 

and 
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 VdcVBIAS 3.4
082003300

3300)15( =
++

=  (3-27) 

 

This range of 2.3-4.3V DC allows for proper adjustment of the bias voltage from below 

the gate threshold voltage (VG(th)) of 2.7V DC through the gate quiescent voltage VGS(Q) of 

3.4V DC. There is also a capacitor on the input of the regulator and a capacitor on the 

output to filter the DC and minimize the effects of the RF in such close proximity of the 

circuit.  See Figure 3.29 for a complete bias supply schematic and Figure 3.30 for a 

complete amplifier card block diagram. 

 
 
 
 

 
Figure 3.29 Complete Amplifier Gate Bias Supply 
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Figure 3.30 Complete Amplifier Card Block Diagram 
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Wilkinson Combiner and Splitter 

The 3-dB Wilkinson splitter and combiner, shown in Figure 3.31 was selected 

because it is relatively flat over the channel of interest and easy to implement using 

microstrip technology.  It is a three port network that either divides the power input at 

port 1 equally between ports 2 and 3, or combines the power input from ports 2 and 3 into 

port 1.  When used as a splitter, the power output on ports 2 and 3 are equal in amplitude 

and phase.[22] 

 

Figure 3.31 Microstrip Implementation of a Wilkinson Splitter / Combiner 

 

 

 When ports 2 and 3 are terminated into 50 ohms, the input port 1 will see 50 

ohms.  The two 70.7 ohm quarter line sections transform the input impedance from 50 

ohms into 100 ohms, but since the ports 2 and 3 are in parallel with the 100 ohm resistor, 

100Ω 50Ω 

50Ω 

50Ω 70.7Ω 

70.7Ω 

λ/4

λ/4

Port 1 

Port 2 

Port 3 
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all three ports have the desired impedance of 50 ohms.  The resistor selected is always 

twice the impedance to the port 2 and 3 lines, or in this case .100)50(2 ==R  

Knowing the impedance of the port 2 and 3 lines, and the balancing resistor, the 

impedance of the quarter wave matching section can be calculated: 

 50*1007.700 ==Z  (3-28) 
 
When operating normally with an equal power flow to or from ports 2 and 3, no power is 

dissipated by the balancing resistor.  This fact proved to be very useful during testing of 

the amplifier modules by making it very easy to quickly pinpoint an amplifier card failure 

simply by locating the resistor operating at an elevated temperature. 

 When a failure occurs at one of the ports, for example port 2, the reflected signal 

splits between the balancing resistor and the transmission line.  These two signals appear 

at port 3 180 degrees out of phase, therefore cancellation occurs and the extra power is 

absorbed by the balancing resistor.  The complete scattering matrix for a Wilkinson 

splitter and combiner is: 
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 The Wilkinson power splitters and combiners are all constructed in microstrip 

form using Rogers RT/duroid 6002 substrate 0.060in (1.524mm) thick with 1oz. (35µm) 

rolled copper on both sides of the material, selected because of its excellent power 

handling capability over the UHF band.  This material has a dielectric constant, εr, of 
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2.94.  Based on a material thickness of 1.524mm, it is estimated that a W/d ratio will be 

greater than two, see Figure 3.32. 

 

d = 1.524mm

W70.7 = 2.155mm W50.0 = 3.883mm

 

Figure 3.32 70.7Ω and 50Ω Line Widths on a 1.524mm Rogers RT/duroid 6002  
 substrate 
 

 

 With W/d > 2 it is possible to calculate the line width required for both 50Ω and 

the 70.7Ω lines and the line length required for the λ/4 line lengths using the same 

formulae as for the amplifier card matching sections: 
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By substituting in for the known values the width of the 50Ω line is found: 
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 mmmmW 883.3)524.1(548.250 ==  (3-37) 
 

 

For the 70.7Ω line: 

 

 885.4
94.2)7.70(2

377
7.70 ==

πB  (3-38) 

 

                        414.1
94.2
61.039.0)1885.4ln(

)94.2(2
194.2

)1)885.4(2ln(1885.4
27.70 =

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎭
⎬
⎫

⎩
⎨
⎧ −+−

−

+−−−
=
πd

W  (3-39) 

 

 mmmmW 155.2)524.1(414.17.70 ==  (3-40) 
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The length of a λ/4 70.7Ω at channel center D16 or 485MHz:  
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The splitter and the combiner are constructed so that two sets of four outputs (or 

inputs) are spaced at three inch intervals so that they can directly couple to the amplifier 

cards.  Between the two sets of four outputs is a six inch gap, with the input (or output) of 

the splitter or combiner network connected to the driver amplifier card.  See Figures 3.33 

and 3.34 for the final layout design for the channel 16 divider and combiner networks.   
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RF Output To
PA Cards

RF Input From
Driver Card

 

Figure 3.33 Microstrip Layout for the Channel 16 Splitter Card 
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RF Input 
To Module

RF Output

 

Figure 3.34 Microstrip Layout for the Channel 16 Input / Combiner Card 
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The splitters and combiners are tested by connecting the eight inputs and outputs 

together back to back without the amplifier cards in between.  This way it is possible to 

verify the frequency response and the transmission loss over the frequencies of interest.  

A photograph of the test setup is shown in Figure 3.35. 

 

 

 

Figure 3.35 Wilkinson Splitter and Combiner Test Setup 

 

 The test results for a channel 20 Wilkinson splitter and combiner are shown in 

Figures 3.36 and 3.37.  Figure 3.36 shows the recorded test data over the DVT portion of 

the UHF band and Figure 3.37 shows the results just over channel 20. 
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Figure 3.36 Wilkinson Splitter and Combiner Test over the Entire DTV Band 



 

- 54 - 

506 507 508 509 510 511 512
-5

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

Frequency (MHz)

Lo
ss

 (
dB

)

Wilkinson Splitter and Combiner Measured Data

 

 

Measured M21

 

Figure 3.37 Wilkinson Splitter and Combiner Test over Channel 20 

 

 Figure 3.36 demonstrates how flat the Wilkinson splitter is over the DTV 

television band without any optimization, but it is shown in Figure 3.37 that the splitter 

and combiner combination has a loss of approximately 1 dB over the entire channel, and 

is very flat over the channel. 

 The corners of the turns in the microstrip transmission line were mitered to 

achieve a minimum VSWR at the bend using [23] 

 
0

6.1 ZWW =  (3-44) 
 
Where W is the width of the miter and WZ0 is the width of the line to be mitered.  See 

Figure 3.38. 
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Figure 3.38 Mitered Corner for the Microstrip Splitter and Combiner 
 

 

Cold Plate 
 

The cold plate or water cooled heat sink was designed to not only cool the nine 

transistors per amplifier, but also cool the entire amplifier card, the resistors used on the 

splitters on combiners and act as a mechanical support for the entire amplifier assembly 

including all the amplifier cards input splitters and output combiners.  The same cold 

plate was used to support both the intermediate power amplifier layout as well as the 

power amplifier layout to eliminate the added costs in manufacturing and storing two 

different sets of cold plates that essentially perform the same task.  The cold plate 

measures fifteen inches wide by twenty-seven inches deep and is made from 6063 

aluminum with a 3/8 inch copper tube machined into the aluminum plate to be 
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approximately the same width as the amplifier cards.  The copper tube makes six passes 

on the plate with the inner most two passes measuring slightly wider than the width of the 

transistor package.  This allows the transistor to be mounted directly to the cold plate 

without risk of penetrating the copper tube.  This also allows for the cooling fluid to flow 

in both directions past each transistor, thereby making all the transistors approximately 

the same temperature on that module.  As is seen in Figure 3.39, by having fluid flow to 

the left on one side of the transistor and to the right on the other, the temperatures are 

averaged out along the entire length of all nine transistors, thus keeping all transistors 

operating at the same point.   
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Figure 3.39 Amplifier Cold Plate Mechanical Design
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 To calculate the cooling requirements for the PA modules, it is known [24] that 

the transistors are only approximately 25 percent efficient, so with an amplifier module 

operating at 400 watts average power, the cooling system must be able to dissipate 1230 

watts – 150 for each of the final amplifier cards and 30 for the driver card.  With a 

maximum flow of 1.5 gallons per minute per module, the calculated temperature 

differential can be found using [25]:  

 
pWC

Qt =∆  (3-45) 

 

where Q is the power to be dissipated in Cal/sec, W is the coolant flow rate in g/sec, and 

Cp is the specific heat of the coolant in cal/g, therefore, 

 

 Ct °==∆ 13.3
)997.0)(747(

4198  (3-46) 

 

The transistors have a maximum junction temperature (TJ) of 200°C and a thermal 

resistance (RθJC) of 0.37°C/W.  The thermal resistance of the heat sink compound is 

0.03°C/W and the thermal resistance of the cold plate was measured to be 0.01°C/W.  

The maximum theoretical fluid temperature entering the cold plate is calculated using: 

 

 
  C127.7C/W).01/module)(0(1230watts-

C/W))(0.03transistor(150watts/-C/W)37.0)(/150(200
°=°

°°−° transistorwattsC
(3-47) 

 

It was determined that operating the transistors at or near the rated temperature of  
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127.7°C seriously deteriorated the signal amplified by the transistors by increasing the 

IP3 noise and reducing the SNR and that temperature is too hot to maintain proper 

operation of the other components mounted to the cooling plate.  Preliminary tests 

showed that the cooler the transistors were, the better the overall signal performance.  

During a conference call with the Motorola Engineering Group it was decided that a 

suitable cooling temperature is 15°C.  After initial testing, the coolant input temperature 

was adjusted to 25°C because the lower temperature caused water to condense on the 

electronics and interfere with the proper operation of the amplifiers.   

   

 
Intermediate Power Amplifier 

 
The intermediate power amplifier (IPA) was designed using nine of the amplifier 

cards discussed earlier in this chapter.  One of the cards acts as a driver for the other eight 

cards, with each providing a 0.4 watt output to drive each of the up to eight power 

amplifier modules.  Prior to the input of the driver card is a MiniCircuits ZHL-3010 

amplifier that provides 24 dB of gain (24 dB average, 30 dB peak) to amplify the output 

of the KTech modulator to an adequate level to excite the driver amplifier.  See Figure 

3.40 for an RF block diagram of the IPA module. 
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Figure 3.40 Intermediate Power Amplifier RF Block Diagram 

 

 

The output of the driver card is split eight ways using a 9.6 dB Wilkinson power 

divider.  Originally, broadband dividers were designed that had the bandwidth of 

approximately one third of the UHF television band, but to improve channel efficiency 

and linearity, the dividers were re-designed for individual channel use.  The output of 

each of the eight amplifier cards is then fed to an individual SMA connector for 

distribution to the (up to) eight PA modules. 
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Power Amplifier 
 

The power amplifier design (PA) is similar to that of the intermediate power 

amplifier in that it uses the same basic amplifier cards, but the overall module 

configuration is different (see Figure 3.41).  The RF signal enters the module through an 

SMA connector mounted on the output combiner card.  This feeds the input to the driver 

card with the output of this card feeding the eight-way Wilkinson splitter.  The output of 

the splitter feeds the eight other amplifier cards at a level 9.6 dB below the output of the 

driver card.  The outputs of the eight final amplifier cards are combined using a 

Wilkinson combiner which then feeds a single output type-N connector.  This output can 

feed into another combiner to be combined with other modules in the transmitter or 

directly into the mask filter if low power operation is desired.  The overall gain of the 

power amplifier module is 30.4 dB which results in an output of 400 watts average or 1.6 

kilowatts peak.  Figures 3.42 and 3.43 show pictures of the final assembly of the power 

amplifier drawer with the DC power distribution card removed and installed, 

respectively. 
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Figure 3.41 Power Amplifier RF Block Diagram 

 

 

Figure 3.42 Final Amplifier Assembly with Power Distribution Card Removed 
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Figure 3.43 Complete Power Amplifier Module 

 

 

Mask Filter 
 
The last major component before the antenna is the filter.  The filter consists of 

two components, a low pass filter used to trap spurious harmonic emissions generated by 

non-linear distortion in the amplifier circuits and the mask filter used to shape the output 

spectrum to keep it within the designated operating channel.  The maximum out of band 

specification by the Federal Communications Commission require that [26]: 

(1) in the first 500KHz from the authorized channel edge, transmitter emissions 

must be attenuated no less than 47 dB below the average transmitted power; 
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(2) more than 6 MHz from the channel edge emissions must be attenuated no less 

than 110 dB below the average transmitter power; and 

(3) at any frequency between 0.5 MHz and 6 MHz from the channel edge, 

emissions must be attenuated no less than the value determined by: 

attenuation in dB = 11.5(Df+3.6) where Df = frequency difference in MHz 

from the edge of the channel. 

See Figure 3.44 for a graphical representation of the DTV Emission Mask specifications. 
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Figure 3.44 FCC DTV Emission Mask 

 

 Two types of bandpass filters may be used in a digital transmitter system, 

reflective or constant impedance.  The reflective type filter is much simpler and less 

expensive than the constant impedance filter and works by simply having a matched 
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impedance for the inband frequencies and an unmatched impedance, or very large 

reactance, to the out of band frequencies.  The major drawback to the reflective filter is 

that all the rejected energy is reflected back to the amplifier, which can cause even more 

non-linear distortion in a high power amplifier.  The constant-impedance filter uses two 

reflective filters in parallel, with a hybrid splitter and hybrid combiner connecting the two 

filters.  Fifty-ohm dummy loads are connected to the unused ports on the hybrids, and 

any energy reflected from the two filters is absorbed by the loads instead of the amplifier.  

It is easy to see that the constant-impedance filter is more than twice the cost of the 

reflective filter just based on the fact that more than twice the hardware is needed for the 

constant-impedance filter. 

Due to cost restrictions, it was determined that a reflective type filter would be 

used for the 4kW transmitter.  To overcome the reflected energy problem, a circulator 

would be placed at the output of each amplifier module to send any reflected energy to 

the dummy load and isolate the signal from the amplifier.  A Tchebysheff filter design 

was chosen to accommodate the sharp edge requirements for the bandpass filter.  The 

number of poles for the filter was determined by plotting criteria 2 from the FCC mask 

filter specification against the 0.01 dB ripple Tchebyscheff filter characteristics.  It is 

clear that a nine pole or better filter would suffice for the given specification.  See Figure 

3.45 for this graphical comparison. 
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Figure 3.45 Graphical Comparision of 0.01 dB Ripple Tchebyscheff Filter 
Characteristics 

 
 

In Figure 3.45, La is the maximum attenuation, and w’ is the band edge.  This figure was 

generated using the formulae for the Tchebyscheff attenuation characteristic [27]: 
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The first filter constructed is designed for channel 16 with a passband of 482 

through 488MHz.  A rectangular waveguide filter was selected because of it ease of 

construction and therefore the specifications for rectangular waveguide WR 1800 is used 

to accommodate the frequency range for channel 16.  A standard λ/2 nine pole cavity 

filter with input and output cavities at 485Mhz would be approximately fifteen feet long.  

A new type of filter was designed to reduce the length of the filter and at the time of 

construction, a folded waveguide filter was not available from any commercial source.  

This filter uses a combination of end coupled and side coupled cavities to “fold” the filter 

in half.  This design made it possible to either hang the filter above the transmitter so as 
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to have a similar footprint as the transmitter, or it can sit on the floor with the folded end 

down.  The irises between the input and output cavities are labeled as Qe(a) and Qe(b), 

respectively, and the inter-cavity irises are numbered Kij with i and j representing the 

number of the cavities for which that iris is connecting. See Figure 3.46 for a diagram of 

the folded waveguide filter and panel numbering scheme. 
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Figure 3.46 Assembly Diagram of the Folded Waveguide Filter 
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The filter was designed with the following criteria: 

 Waveguide dimension a    = 18 inches 

 Waveguide dimension b    = 9 inches 

 Bandwidth (bw)    = 6 MHz 

 Center frequency (f0)    = 485 Mhz 

 Number of poles (n)     = 9 

 Number of half guide wavelengths (s) = 1 

 Iris thickness      = 0.25” 

 

The free-space wavelength at this frequency is 24.35 inches and the guide wavelength is 

determined according to: 
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Which gives lg of 33.07 inches (lg/2 = 16.54 inches).  The cavity dimensions for the 

TE101 waveguide filter are thus 16.54 inches tall, 18.0 inches wide and 9.0 inches deep.  

Since no data was available to assist in the correction of the iris thickness for cavity size, 

it is suggested in the literature [28] to measure the cavity height from the centerline of 

one iris to the centerline of the next.   
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 The iris dimensions are selected from Table 3.4 by moving down the left hand 

column and selecting the number of poles desired and then reading across that row the 

low-pass prototype values of the filter [29]. 

 

Table 3.4 
 

Element Values for 0.01 dB Ripple Tchebyscheff Filter 
 

n g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 g11
1 0.0960 1.0000
2 0.4488 0.4077 1.1007
3 0.6291 0.9702 0.6291 1.0000
4 0.7128 1.2003 1.3212 0.6476 1.1007
5 0.7563 1.3049 1.5773 1.3049 0.7563 1.0000
6 0.7813 1.3600 1.6896 1.5350 1.4970 0.7098 1.1007
7 0.7969 1.3924 1.7481 1.6331 1.7481 1.3924 0.7969 1.0000
8 0.8072 1.4130 1.7824 1.6833 1.8529 1.6193 1.5554 0.7333 1.1007
9 0.8144 1.4270 1.8043 1.7125 1.9057 1.7125 1.8043 1.4270 0.8144 1.0000

10 0.9106 1.4369 1.8192 1.7311 1.9362 1.7590 1.9055 1.6527 1.5817 0.7446 1.1007

Element Values for 0.01 dB Ripple Tchebyscheff Filter

 

Once the low-pass prototype values are determined, the external Qs, (Qe)A and (Qe)B, are 

calculated using equation 3-55.  The magnetic polarizability, M1, is found using equation  

3-56 followed by the iris dimensions d1 and d2.  Because the irises are not small with 

respect to the free-space wavelength (d2 considerably less than l), a magnetic 

polarizability compensation formula is applied using equation 3-59. The final value for 

the iris dimensions d1” and d2” as shown in Figure 3.47 are calculated using equations  

3-60 through 3-63 [31].  For a nine-pole filter g0,g10=1.000, g1,g9=0.8144, g2,g8=1.4270, 

g3,g7=1.8043, g4,g6=1.7125 and g5= 1.9057.   
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Figure 3.47 Location of d1 and d2 on the Coupling Iris 
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The final iris size for the input and output coupling cavities is 6.74 by 3.37 inches (see 

Figure 3.48 for the shop drawing). 
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Figure 3.48 Shop Drawing for the Mask Filter Panels Qe(a) and Qe(b) 
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The inter-cavity panels were oversized to allow for welding, but the final cavity panel 

size is 9.0 by 18.0 inches once assembled. A partially assembled cavity is shown in 

Figure 3.49.  The square piece welded to the top of the cavity holds a one inch diameter 

tuning rod for fine tuning of the cavity. 

 

Figure 3.49 Partially Assembled Filter Cavity 

 

The irises in the panels between the end-coupled filter sections were calculated using a 

similar method as described above for the coupling cavities, only the coupling coefficient 

k is calculated using the values selected from the Tchebyscheff table and equation 3-64.  

The magnetic polarizability is calculated using equation 3-65 and the diameter of the 

coupling irises using 3-66.  The magnetic polarizability is once again compensated for 

using equations 3-67 and 3-68. 
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The design data for the end-coupled cavities is found in Table 3.5. 

 

Table 3.5 
 

Calculated Values for End-Coupled Cavity Irises 
 

kxy M1 d M1' Diameter (inches)
k12 0.01148 14.171983 4.3973796 12.828642 4.25
k23 0.00771 9.517943 3.8509225 8.1531316 3.66
k34 0.00704 8.6908325 3.7359771 7.3540619 3.53
k67 0.00704 8.6908325 3.7359771 7.3540619 3.53
k78 0.00771 9.517943 3.8509225 8.1531316 3.66
k89 0.01148 14.171983 4.3973796 12.828642 4.25  
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For the side-coupled cavities we substitute the following formula: 

 

 2

3

1 λ
blak

M xy
xy =  (3-69) 

 

The design data for the side coupled cavities is found in Table 3.6. 

 
Table 3.6 

 
Calculated Values for Side-Coupled Cavity Irises 

 
kxy M1 d M1' Diameter (inches)

k45 0.00685 10.023403 3.9179193 8.6465076 3.73
k56 0.00685 10.023403 3.9179193 8.6465076 3.73  

 

where kxy is the coupling coefficient, M1xy is the magnetic polarizability, M1xy’ is the 

magnetic polarizability compensated for small irises with respect to the free-space 

wavelength, d1xy is the iris diameter and d1xy’ is the final iris diameter after having applied 

the magnetic polarizability compensation formula.  Figure 3.50 shows the shop drawing 

for all the inter-cavity filter panels. 
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Figure 3.50 Shop Drawing for the Inter-Cavity Filter Panels K12, K23, K34, K45, 
K56, K78 and K89 (All Units are Inches) 

 
 
 
 

All the metal was precision laser cut from 6061 aluminum 0.25 inch thick at 

Hawkeye Industries in Tupelo, Mississippi.  Once assembled the filter was initially swept 

and tuned using an Agilent 8753ET network analyzer.  Figure 3.51 shows the results of 

the initial tuning. 
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Figure 3.51 Results of the Initial Tuning for the Folded Waveguide Filter 

 

 Fine tuning was performed by generating an on-channel digital television signal 

with the transmitter and viewing the results on a Tektronics RFA300A digital television 

analyzer.  The results of the final tuning are shown in Figure 3.52 and it is evident that 

the filter meets the FCC mask filter requirements. 
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Figure 3.52 Final Tuning Results for the Channel 16 Mask Filter 

 

 

 

Figure 3.53 shows the front of the filter during assembly and Figure 3.54 shows the rear.  

The tuning slugs can be seen in the center of the filter cavities, and the input cavity is cut 

to accept EIA 3 1/8” transmission line.  The completed filter is shown in Figure 3.55. 

 

 

FCC Mask

Signal at output of 
mask filter 
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Figure 3.53 Folded Waveguide Filter Front during Assembly 
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Figure 3.54 Folded Waveguide Rear during Assembly 
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Figure 3.55 Complete Folded Waveguide Filter 

The input and output waveguide cavities need to transition from and to coaxial 

transmission lines.  This is accomplished by using a reactively tuned simple transition 

[31]  which is the outside diameter of the center conductor of a coaxial line that protrudes 

into the waveguide cavity at approximately one-quarter wavelength.  The depth and 
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position of the transition post inside the waveguide cavity is adjusted to obtain the 

optimal match.  The input impedance of the waveguide filter [32] is defined by 

 
 jXRZI +=  (3-70) 
 
where 
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 Ω== 6.376000 εµZ  (3-73) 
 
 
where λ is the free-space wavelength, λg is the guided wavelength, a and b are the 

waveguide dimensions, d is the probe depth, l is the length of the probe from the closed 

end of the cavity and x (lowercase) is the reactance of the post normalized with respect to 

the waveguide impedance, see Figure 3.56.  For the channel 16 filter at resonance: 
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Where the post reactance is equal to zero when d=0 and the filter reactance is zero-valued 

when the sine term in equation 3-74 is zero which gives [33] 
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 0=d  (3-75) 
 

 
...2,1,0

,
3800.0 =

=
n

nl π  (3-76) 

 
 
The values of l are {0”, 8.2675”, 16.5374”,…}. Choosing l = 8.2675” gives 
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Solving equation 3-77 gives d = 4.8673”.  The probe was constructed of silver plated 

brass and located at the center of the coupling cavity with a probe depth of 4.875”, which 

provided the results shown in Figures 3.51 and 3.52. 

 
 
 

 
Figure 3.56 Coax-to-Waveguide Transition 
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Cooling System 

 
The datasheet for the Motorola PRF377 UHF Power Transistor states that the 

operating junction temperature of the device has a maximum value of 200°C.  One of the 

commonly used and very effective methods of cooling electronic components is by the 

use of heat sinks which provides an extended surface area to dissipate the heat to the 

cooling fluid or air [34].  Air cooling of solid-state television transmitters is 

commonplace, but it is desired to maintain tighter control over the operating 

characteristics of the transmitter and the transistor operating point.  Device reliability is 

of great concern in the broadcast industry and with stacked and combined RF modules it 

has been shown [35] that the modules located near the top of the stack have a greater 

failure rate than those near the bottom due to the increase in temperature at the top of the 

cabinet.  Liquid phase and vapor phase cooling is standard practice for high power 

klystrons and liquid cold plate technology could easily be adapted to solid-state broadcast 

transmitters.  It has been demonstrated [36] that single device power dissipation has be 

achieved to 118W/cm2 with liquid phase cooling, twice that of standard fin heat sink air 

cooling.  

The transmitter cooling system is driven by an ArtiChill refrigerated liquid chiller 

which is a weatherproof self contained unit that houses the pump, expansion tank and 

refrigerated chiller (see Figure 3.57). 
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Figure 3.57 Refrigerated Chiller Installed at KTFL-TV in Flagstaff, Arizona 

 

The fluid used to cool the transmitter is a 50% mixture of distilled water and 

DowFrost glycol.  The chilled liquid enters the transmitter through the top of the cabinet 

and immediately enters a combination temperature/pressure/flow gauge custom 

manufactured by Proteus Industries.  After passing through the gauge, the coolant then 

flows into a nine port manifold and into another identical temperature/pressure/flow 

gauge.  The two gauges monitor the coolant temperature flowing into the transmitter to 

verify that the chiller is working properly and monitor the temperature of the coolant 

leaving the transmitter to monitor the proper operation of the transmitter and to help 

measure the overall efficiency of the system.  The pressure sensors are used to measure 

the differential pressure in the transmitter in order to signal the control system to shut 
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down the transmitter and pump if the difference between the input and output is too great, 

possibly indicating a clogged coolant line or a leak.  The flow sensors verify that the 

pump is working correctly and providing enough coolant to the transmitter, and also 

measure the differential to monitor for coolant leaks.  Figure 3.58 details the complete 

schematic of the cooling system.  The manifold consists of two stainless steel tubes each 

with nine 3/8 inch stainless steel tubes welded on the side.  At the end of each of the 

eighteen 3/8 inch tubes is a quarter-turn ball valve which feed a short length of flexible 

stainless steel hose that terminates into a quick-disconnect self sealing coupling.  Since 

the modules are built to be removed from the front, a self-sealing type connection is 

essential to prevent spillage. 
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Figure 3.58 Cooling System Schematic 
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Control System 
 

The control system for the DT-4KU UHF digital television transmitter is built 

around the GE Fanuc family of products including the GE Fanuc Programmable Logic 

Controller and a touch-screen graphical user interface running the Cimplicity [37] control 

software with custom programming for the DT-4KU transmitter.  The control system not 

only provides transmitter system control and a local user interface, but also provides for 

remote control and monitoring as required by the Federal Communications Commission. 

The primary role of the PLC is to interface all the individual hardware control and 

monitoring components to the software running in the touch-screen graphical user 

interface.  The PLC consists of the power supply and backplane to run the PLC, the CPU 

module and the input output (I/O) modules.  The first module in the rack is the 

IC693CPU364 central processor unit that is capable of interfacing to 2048 discrete input 

points, 2048 discrete output points, 2048 analog input points and 512 analog output 

points.  The CPU has up to 9999 internal memory registers and has the ability to talk to a 

combination of several serial devices, via Ethernet or RS-232 connection. 

The second module in the PLC rack is the IC693MDL740 which is a 16 circuit 

discrete output module with 12 or 24 VDC outputs.  This module provides the primary 

means of system control for the transmitter.  The third module in the rack is the 

IC693MDL645 which has 16 discrete 24VDC inputs for system monitoring.  The fourth 

module in the PLC rack is the IC693ALG222 which is a 16 circuit analog input module 

capable of monitoring DC voltages from 0 to +10V DC which was optionally installed 

for remote control and monitoring.  The last module in the rack is the IC693ALG223 16 
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circuit analog input module capable of monitoring a 4-20mA current loop.  When 

possible, the current loop method of analog monitoring was used in the transmitter to 

avoid RF interference problems commonly found with DC voltage metering in a high 

level RF environment.  Table 3.7 shows a complete list of I/O points for the transmitter 

system PLC. 
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Table 3.7 
 

PLC Slot Assignments 
 

PLC Slot Module
Module 
Channel

PLC I/O 
Address

Module 
Terminal 
Number Wire Color Description

1 IC693CPU364 RD Main PA 480V Contactor
2 IC693MDL940 1 Q1 2 RD
2 IC693MDL940 2 Q2 3 RD Power Lower
2 IC693MDL940 3 Q3 4 RD Power Raise
2 IC693MDL940 4 Q4 5 user Chiller Start
2 IC693MDL940 5 Q5 7
2 IC693MDL940 6 Q6 8
2 IC693MDL940 7 Q7 9
2 IC693MDL940 8 Q8 10
2 IC693MDL940 9 Q9 12
2 IC693MDL940 10 Q10 13
2 IC693MDL940 11 Q11 14 GN IPA Power Supply A Inhibit
2 IC693MDL940 12 Q12 15 GN IPA Power Supply B Inhibit
2 IC693MDL940 13 Q13 17 GN PA Power Supply 1 Inhibit
2 IC693MDL940 14 Q14 18 GN PA Power Supply 2 Inhibit
2 IC693MDL940 15 Q15 19 GN PA Power Supply 3 Inhibit
2 IC693MDL940 16 Q16 20 GN PA Power Supply 4 Inhibit
3 IC693MDL645 1 Q17 2 BL IPA Power Supply A Present
3 IC693MDL645 2 Q18 3 RD IPA Power Supply A Fault
3 IC693MDL645 3 Q19 4 BL IPA Power Supply B Present
3 IC693MDL645 4 Q20 5 RD IPA Power Supply B Fault
3 IC693MDL645 5 Q21 6 BL PA Power Supply 1 Present
3 IC693MDL645 6 Q22 7 RD PA Power Supply 1 Fault
3 IC693MDL645 7 Q23 8 BL PA Power Supply 2 Present
3 IC693MDL645 8 Q24 9 RD PA Power Supply 2 Fault
3 IC693MDL645 9 Q25 10 BL PA Power Supply 3 Present
3 IC693MDL645 10 Q26 11 RD PA Power Supply 3 Fault
3 IC693MDL645 11 Q27 12 BL PA Power Supply 4 Present
3 IC693MDL645 12 Q28 13 RD PA Power Supply 4 Fault
3 IC693MDL645 13 Q29 14
3 IC693MDL645 14 Q30 15
3 IC693MDL645 15 Q31 16
3 IC693MDL645 16 Q32 17 RD/BK Three Phase Detector Input
4
5 IC693ALG223 1 AI17 3 GN Water Flow In
5 IC693ALG223 2 AI18 4 BL Water Temperature In
5 IC693ALG223 3 AI19 5 WH Water Pressure In
5 IC693ALG223 4 AI20 6 GN Water Flow Out
5 IC693ALG223 5 AI21 7 BL Water Temperature Out
5 IC693ALG223 6 AI22 8 WH Water Pressure Out
5 IC693ALG223 7 AI23 9 WH IPA Power Supply A Current
5 IC693ALG223 8 AI24 10 WH IPA Power Supply B Current
5 IC693ALG223 9 AI25 11 WH PA Power Supply 1 Current
5 IC693ALG223 10 AI26 12 WH PA Power Supply 2 Current
5 IC693ALG223 11 AI27 13 WH PA Power Supply 3 Current
5 IC693ALG223 12 AI28 14 WH PA Power Supply 4 Current
5 IC693ALG223 13 AI29 15
5 IC693ALG223 14 AI30 16
5 IC693ALG223 15 AI31 17 RD RF Forward Power
5 IC693ALG223 16 AI32 18 OR RF Reflected Power

LEFT EMPTY FOR EXPANSION
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 Provisions are made for hardware input and output for remote control and remote 

monitoring, but to date have never been implemented.   All systems built to date were 

remote controlled using either an ethernet or RS-232 link directly from the touch screen 

controller. 

All the I/O connections to the PLC were made using foil shielded with drain low-

voltage wiring.  All the shield wires were connected to a single common point ground 

located in close proximity to the PLC to minimize the RF interference from this 

transmitter and other transmitter systems that may be operating in close proximity to this 

unit.  The block diagram of the DT-4KU control system can be seen in Figure 3.59. 
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Figure 3.59 Control System Block Diagram 
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The system software was written using GE Fanuc’s Cimplicity PLC programming 

language.  The software was written to not only control the transmitter, but to protect it 

and its users from damage due to component failure or potential misuse.  The software 

constantly monitors the water flow, temperature and pressure, the RF out of the 

transmitter, the reflected power back into the transmitter, the AC line voltage, the status 

of the modulator and the status of the power supplies.  Should any one of these monitored 

points produce an out of tolerance condition, the control system will tag it as either a 

warning or a failure, record the event, try to correct the event and shut the transmitter 

down if the failure cannot be corrected.  The control system and modulator are backed up 

by an uninterruptible power supply that protects these critical components from a power 

anomaly and maintains operation of the control system during a power interruption.  

Should an interruption occur, the three phase monitor sends a signal to the PLC 

indicating a failure.  The PLC then puts the transmitter in a shutdown condition and waits 

for power to be restored.  Depending on the length of the interruption, the controller will 

either immediately turn the transmitter back on when power is restored, or re-cycle the 

transmitter from a cold-start condition if the power if off for an extended period. 

Upon first powering up the transmitter, the user is presented with the Operator 

Menu, see Figure 3.60.  From this menu, the operator has the ability to perform the basic 

transmitter functions – transmitter on and off, transmitter power raise and lower.  Also 

from this menu, the operator also has the ability to monitor the forward and reflected 

power, the water temperature, pressure and flow and the current active alarms.  The user 

can also select the advanced menu from the main menu.  From the advanced menu, he 



 

- 94 - 

can navigate to other screens that include a full alarm screen, with alarm reset capability, 

the alarm history screen that shows a complete list of transmitter alarms for the past thirty 

days, the power amplifier screen that displays some diagnostic information about the PA 

modules and can also select the cooling screen that displays additional information about 

the cooling system and offers some options to the user. 

The advanced menu also has four additional softkeys that are for system 

calibration and configuration.  The system limits screen allows the operator to set the 

warning and alarm trip points for all the analog monitor points.  The operator also has the 

ability to bypass specific alarms if he feels the alarm is in error and needs to get back on 

the air.     

 

 



 

- 95 - 

 

Figure 3.60 Transmitter Control System Operator Menu 

 

 The system faults screen is used to set the trip condition of a discrete input and the 

use can also bypass an input on this screen, in case of a false trip.  There is also a 

configuration softkey that allows the user to calibrate the analog input signals.  All the 

analog inputs are calibrated at the time of system installation, but if the operator feels the 

need to re-calibrate, he has the ability to do so.  The last button in this group of four is the 

system shutdown button.  This key is password interlocked and shuts only the software 

down in case the user needs to perform maintenance on the touch-screen computer.  The 

transmitter will remain in the state it was last in when the software is shutdown with 

limited fault checking from the program running inside the PLC.  It is therefore not 
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recommended that the operator have access to this button without thorough knowledge of 

the transmitter system. 

Running in the PLC CPU module is a small routine that checks to make sure the 

water is flowing properly in the transmitter, and is within the proper temperature range.  

This is a failsafe routine that will inhibit the closure of the 480V AC contactor that 

supplies power to the amplifier modules, but will not generate any alarms.  Primary 

control resides with the touch-screen controller, and the failsafe resides within the PLC. 

 

AC and DC Power Distribution 
 

The transmitter is normally powered by a 480 volt, 100 amp, three phase service 

that supplies power to the entire transmitter including the chiller and the 120 volt 

electronics.  The service enters the transmitter through the CB1, a 100A three phase 

circuit breaker marked MAIN on the front of the PA rack.  From there the power is split 

into three directions, first to CB107, a 20A three phase breaker that feeds the chiller.  

Second to CB2, a 15A three phase breaker that feeds T1, the 9.6 kVA step down 

transformer that steps the 480 volt three phase input down to 120/208 three phase power 

for the modulator and control system.  The third path is through K1 which is the main 

contactor that provides power to all the 32V DC power supplies that power the IPA and 

PA amplifier modules. 

 On the low voltage side of T1, there is CB3, a 30A three phase breaker that acts 

as the main for all the 120/208 volt equipment that feeds eight other breakers.  CB10 is a 

single pole 20A breaker that feeds the convenience outlet in the driver and control rack.  
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CB11 is a single pole 20A breaker that feeds the convenience outlet in the amplifier rack.  

CB12 is a 30A single pole breaker that feeds the 3kW uninterruptible power supply that 

supplies power for all the modulator and control electronics. CB13 is a dual phase 1A 

breaker that feeds T2, which ultimately drives K1, the main contactor for the amplifier 

power supplies.  CB14 is a 5A single pole breaker that feeds a 24V DC power supply that 

is used for general purpose control.  CB15 is a single pole 5A breaker that feeds the 

cabinet cooling fans in both the control and amplifier cabinets.  CB16 and CB17 are both 

5A single pole breakers that feed the lights in the control and amplifier cabinets 

respectively. 

 One leg of the 24V AC output of T2 feeds directly to K1, with the other leg 

passing through K2 and F1.  K2 is a solid-state relay that receives control voltage directly 

from the system controller and when closed supplies 24VAC through F1 to K1 causing 

K1 to close.  The purpose of F2 is twofold, first it is to protect the solid-state relay K2 

and control transformer T2 in case of a coil failure on K1, but to also act as an anti-pump 

safety in the event of a brown-out, single phase or low voltage condition.  F1 is a 0.5A 

fast blow cartridge fuse that will blow after approximately one tenth of a second of 

pumping action of K1, thus protecting the 32V DC power supplies and amplifier 

modules.   

 The output of K1 feeds circuit breakers CB100 and CB101 which are three phase 

10A breakers that feed IPA power supply “A” and IPA power supply “B” respectively.  

The DC outputs of these two supplies are combined with steering diodes to supply the 

intermediate power amplifier.  Since there is only a single IPA tray, two redundant power 
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supplies are used to supply power to this module as a failsafe backup.  Should either 

supply fail, the other supply can handle the full load of the IPA.  This also allows hot 

swapping of the IPA power supplies without having to shut down the transmitter and go 

off the air. 

 Circuit Breakers CB102 through CB105 are all 10A three phase breakers that 

supply 480V AC to the PA module power supplies.  Each power supply is capable of 

driving two PA modules, therefore only four PA power supplies are needed to drive the 

full compliment of eight modules.  CB106 is a 10A three phase breaker that is a spare 

with no load side connection.  Figure 3.61 outlines the entire AC and DC power 

distribution for the transmitter. 

 The startup sequence occurs by K2 receiving a command from the system 

controller, causing K2 to close and supply 24VAC to K1.  K1 the closes and supplies 

480VAC to the IPA and PA power supplies.  A half second after receiving an “AC 

SUPPLY GOOD” signal from all the installed supplies, the controller the issues a 

command back to the supplies to turn on the DC output.  The transmitter shutdown 

sequence occurs in the reverse order as the startup sequence.  
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CHAPTER IV 

TRANSMITTER PERFORMANCE EVALUATION 

 

This chapter will discuss the test results of the completed transmitter and the 

operational history of the units installed for WLOV television in West Point, Mississippi 

and KTFL television in Flagstaff, Arizona – the first two units installed in a working 

television facility.  In order to better understand the performance measurements, the first 

part of this chapter will discuss the measurement techniques used to evaluate the 

operation of the completed transmitters. 

 Although there are a number of measurements and a number of measurement 

techniques that can be used to characterize a radiofrequency transmitter system, there are 

a handful that are best suited for a digital 8VSB transmitter – average power, the pilot 

amplitude error, the constellation diagram, signal to noise ratio (SNR), complex modulus 

error ratio (MER) and the error vector magnitude (EVM) because they are able to easily 

characterize the operation of the modulator and amplifier(s), and unlike analog television, 

can all be performed while the station is operating on the air during normal programming.  

Analog television measurements generally must be performed after hours or during an 

interruption of programming in order to inject the appropriate test signal into the 

transmitter.  Other than average power, none of the aforementioned tests would apply to 

analog transmitter operation.  
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Power Measurement 

Average power is important to measure for any transmitter since it gives a generic picture 

of the overall operation of the power amplifier.  If the average power is too low, it could 

indicate trouble with the amplifier.  If the average power is too high, it could indicate a 

situation by which unnecessary stress is being place and the filters, transmission line, or 

antenna which could promote premature system failure.  Average power is also defined 

by the station license as issued by the FCC, and any deviation from the operating point 

could result in severe fines. 

Average power is best measured using water calorimetry.  This is accomplished 

by flowing water over a load at a fixed rate and by measuring the difference in the water 

temperature flowing into the load versus the water temperature leaving the load, the 

average power can be calculated from [38] 

 

   QFTTKtP )21( −=      (4-1) 

 

Where P is the power fed into the load in kilowatts, Kt is the coolant multiplying factor, 

T1 is the outlet water temperature in degrees Celsius, T2 is the water inlet temperature in 

degrees Celsius, Q is the water flow in gallons per minute and F is the flow meter 

correction factor.  Figure 4.1 can be used to determine the Kt for ethylene-glycol and 

water mixtures based on temperature.  Figure 4.2 is a nomagraph to be used to calculate 

the flowmeter correction factor for fluid temperature and density.  Peak power can 

statistically be calculated from the average power, but for 8VSB uncompressed 
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transmission can be estimated by adding 6 dB to the average power.  All measurements 

were taken with a measured average power of 400 watts into the load before the filter 

unless otherwise noted. 

 

Figure 4.1 Kt for Ethylene-Glycol/Water Mixtures vs. Temperature [39] 
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Figure 4.2 Flowmeter Correction Factor for Fluid Temperature and Density [40] 
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Peak-to-Average Ratio 

The Peak-to-Average Power is the ratio of the peak transient power to the average 

envelope power.  The peak power is occasionally (randomly) at the peak envelope power 

and can be plotted statistically as a distribution function verses time.  Figure 4.3 

illustrates the Peak-to-Average power measurement curve along with the ideal curve.  A 

properly functioning transmitter will track the ideal curve, and any deviation from the 

ideal would indicate amplifier non-linearities.   

 

 

Figure 4.3 Typical Distribution of Peak Power for 8VSB Transmission [41] 
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8VSB Constellation 

The constellation diagram is perhaps the single most useful tool used to analyze 

the quality of the 8VSB signal by giving a real-time snapshot of the transmitter operation.  

Figure 4.4 illustrates that the x-axis displays the in-phase (I) channel information and the 

y-axis represents the quadrature (Q) channel [42].  The eight vertical lines correspond to 

the eight transmitted amplitude levels, -7, -5, -3, -1, 1, 3, 5 and 7. Table 4.1 shows the 

how the transmit levels correspond to the 8 bit data values [43, 44]. 

 

I

Q

-7 -5 -3 -1 1 3 5 7  

Figure 4.4 I-Q Diagram for an 8VSB Signal 

 

 

 



 

- 106 - 

 

 
Table 4.1 

 
Map of 8VSB Constellation Points [45]. 

 
R Z2 Z1 Z0
-7 0 0 0
-5 0 0 1
-3 0 1 0
-1 0 1 1
1 1 0 0
3 1 0 1
5 1 1 0
7 1 1 1  

 

 

Figure 4.5 illustrates an ideal constellation display with all the data points aligned 

to the eight transmit levels.  Figure 4.6 shows a constellation diagram with noise effects 

induced into the transmitted signal.  Figure 4.7 illustrates a transmitter operating in the 

non-linear region of the amplifier with clipping or compression effects evident as 

parentheses shaped lines.  This is an amplitude error or AM-AM conversion error which 

can be measured directly as pilot amplitude error (see Figure 4.3).  Figure 4.8 has S 

shaped data which indicates phase errors in the transmission and is call AM-PM 

conversion error which occurs when the signal amplitude is modulation the carrier’s 

phase. 
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Figure 4.5 Ideal 8VSB Constellation Diagram[46] 
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Figure 4.6 8VSB Constellation Diagram with Noise Effects[47] 
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Figure 4.7 8VSB Constellation Diagram with Clipping Effects or AM/AM   
  Conversion Error[48] 
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Figure 4.8 8VSB Constellation Diagram with Phase Effects or AM/PM Conversion  
  Error[49] 

 

 

Signal to Noise Ratio and Modulus Error Ratio 

The signal to noise ratio (SNR or S/N) is defined as the average power of ideal 

symbol values divided by the noise power [50] and should be above 27 dB for reliable 

signal delivery to the consumer.  SNR is calculated by: 

 
)(

)(/
IActualIIdealPower

IIdealPowerNS
−

=  (4-2) 

  

The Modulus Error Ratio (MER) is the complex form of the SNR measurement 

that is calculated from both the I-channel information and the Q-channel information.  In 

a properly functioning transmitter, the SNR and MER should be approximately the same. 
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Error Vector Magnitude 

The Error Vector Magnitude (EVM) is the RMS value of the magnitude of the 

symbol errors along the I-channel axis divided by the magnitude of the I-channel portion 

of the outermost constellation state [51] or, 

 

 
0.7

%100)(
+
−

=
xIActualIIdealRMSEVM  (4-3) 

 

As with the MER, EVM also includes both the I and Q channels and will indicate 

transmitter clipping slightly before it would be seen in the SNR.  The transmitters EVM 

performance should not exceed 4.6%, but should be as small as possible. 

 

 

Transmitter Measurements 

Figures 4.10 through 4.14 are measurements at various points along the amplifier 

chain made using the Channel 16 transmitter installed for WLOV in West Point, 

Mississippi operating with a single PA drawer at 400 watts.  Figure 4.15 and 4.16 are 

from measurements made with the transmitter operating at 450 watts in an overdriven 

condition.  Although the amplifier was designed for operation at 500 watts, final testing 

showed that operation much in excess of 400 watts quickly resulted in a signal that was 

less than optimal for 8VSB transmission.  All power measurements were made using an 

Altronic 9750 liquid-cooled load resistor and a Bird BPM-3M-UM power monitor with a 
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Bird 3129 display interface.  All signal quality measurements were made using a 

Tektronix RFA 300A 8VSB Measurement Set.  The test setup is shown in Figure 4.9. 

 

8 VSB
Modulator IPA PA

Driver
SMPTE-310

Input PA

Modulator
Test - Point

IPA
Test - Point

PA Driver
Test - Point

PA
Test - Point

Tektronix
RFA-300A

8VSB
Test-Set

Bird
BPM

Wattmeter

?
Temp

Flow

Coolant
In

Coolant
Out

 

Figure 4.9 Transmitter System Test Setup 
 
 
 

Modulator 

Figure 4.10 illustrates measurements taken immediately following the K-Tech 

modulator output.  The modulator for this and all subsequent measurements was 

operating using the internal psudo-random test signal generator (PNGEN) and all 

automatic pre-correction switched on with pre-correction table 3 selected.  The 

∆ 
Temp 
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measurement at the output of the modulator is critical in that it sets the benchmark for all 

measurements further down the amplifier chain.  Based on the information in Figure 4.10, 

it is not possible for any amplifier to operate with an SNR of better than 44.4 dB, an 

EVM of less than 0.6%, and a Pilot Amplitude Error of less than 0.77 dB. 

 
Figure 4.10 8VSB Constellation Diagram of the Transmitter Measured at the Output of 
  the Modulator with the Transmitter Operating at 400 Watts with One  
  Amplifier Module and IDQ set to1.8A 
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Intermediate Power Amplifier 

Figure 4.11 shows results taken from one of the outputs of the IPA drawer.  As 

would be expected, the signal quality is slightly less than that of the modulator.  Since the 

amplifiers are not ideal, a slight degradation of the signal quality is expected at each 

amplifier stage.  The data shown is still well within acceptable range for excellent 8VSB 

broadcast transmitter operation and the constellation diagram shows eight straight lines as 

is desired for excellent transmitter performance. 
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Figure 4.11 8VSB Constellation Diagram of the Transmitter Measured at the Output of 
  the Intermediate Power Amplifier with the Transmitter Operating at 400  
  Watts with One Amplifier Module and IDQ set to1.8A 
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Power Amplifier 

The output of the PA drawer driver amplifier is shown in Figure 4.12.  Once again 

a slight reduction in the signal quality is noted by the SNR, EVM, MER and Pilot 

Amplitude Error.  The constellation diagram is starting to show a slight indication of 

AM-PM error, or system phase distortion.  The overall quality of the signal is still more 

than acceptable at this point in the amplifier chain. 

 

 
Figure 4.12 8VSB Constellation Diagram of the Transmitter Measured at the Output of 
  the Driver Card on the Power Amplifier with the Transmitter Operating at  
  400 Watts with One Amplifier Module and IDQ set to1.8A 
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The final output of the transmitter before the filter is shown in Figure 4.13.  There 

is a slight reduction of signal quality from the output of the driver card, and the AM-PM 

error show a slight increase in the constellation diagram, but overall shows excellent 

operation at 400 watts average power.  The SNR is 36.6 dB and is well above the 

required 27 dB with the MER at 36.3 dB indicating very linear system operation.  The 

measured EVM is only 1.4%, well below the theoretical limit of 4.7%. 

 

 

 
Figure 4.13 8VSB Constellation Diagram of the Transmitter Measured at the Output of 
  the Power Amplifier with the Transmitter Operating at 400 Watts with  
  One Amplifier Module and IDQ set to1.8A 
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Figure 4.14 is shows the Peak-to-Average power ratio at the output of the transmitter.  

Ideally this number would be 6.0 dB and the actual curve would overlay the ideal curve 

almost exactly.  With a Peak-to-Average ratio of 5.9 dB and a slight tendency for the 

ideal curve to lean towards the right indicates slight compression is present in the system.  

Although 6.0 dB would be perfect, with a SNR of 36.6 dB and an EVM of only 1.4%, the 

transmitter system is operating very well, and a Peak-to-Average ratio of 0.1 dB less than 

ideal should be considered negligible. 

 

 
 
Figure 4.14 Cumulative Distribution of Peak Power Measured at the Output of the  
  Power Amplifier with the Transmitter Operating at 400 Watts with One  
  Amplifier Module and IDQ set to 1.8 Amps 
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Overdriven Power Amplifier 

Figure 4.15 is data taken with the transmitter operating at 450 watts.  It is evident 

that the SNR is greatly reduced and the EVM is greatly increased over the 400 watt case.  

The constellation diagram shows greater phase modulation error.  Although all these 

parameters are still technically acceptable, and operation at 450 watts still passed video 

data, the transmitter was operating on the edge of acceptability.  Therefore, the PA 

amplifier module was rated for operation at 400 watts average power for this and 

subsequent transmitters. 

 

 
Figure 4.15 8VSB Constellation Diagram of the Transmitter Measured at the Output of 
  the Power Amplifier with the Transmitter Operating at 450 Watts with   
  One Amplifier Module and IDQ set to 1.8A 
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The cumulative distribution of peak power for the system operating at 450 watts 

is shown in Figure 4.16.  It is noted that the Peak-to-Average ration is beginning to 

rapidly decrease as the power is increased, forcing operation of the amplifier into the 

non-linear regime. 

 

 

 
. 

Figure 4.16 Cumulative Distribution of Peak Power Measured at the Output of the  
  Power Amplifier with the Transmitter Operating at 450 Watts with One  
  Amplifier Module and IDQ set to 1.8 Amps 
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System Performance of WLOV and KTFL 

The transmitters for WLOV DT-16 in West Point, Mississippi, and KTFL DT-18 

in Flagstaff, Arizona, were both installed in early fall 2003.  Both systems had the 

identical failure at startup related to the water and temperature and flow sensors installed 

in the transmitter.  All four (input and output for both stations) tested fine at the factory 

but indicated erroneous readings when installed in the field.  It was determined that RF 

from other transmitters operating within the same proximity as the DT-4KUs were 

radiating enough RF interference to force an external bias on the sensors.  To correct this 

problem, all four sensors were disassembled and the internal wiring from the sensors to 

the control boards were replaced with twisted pair wire, and 0.01µF capacitors were 

added to the signal inputs on the control boards.  This simple modification corrected the 

problem and the transmitters operated normally.   

 The KTFL transmitter was decommissioned in August 2006, and the WLOV 

transmitter was turned off in February 2007.  During their lifetime, only a few failures 

were reported.  Figure 4.17 shows the completed installation at WLOV and Figure 4-18 

shows the installation for KTFL. 
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Figure 4.17 UHF-4DTV Transmitter Installed for WLOV Television in West Point,  
  Mississippi 

 

 

Figure 4.18 UHF-4DTV Transmitter Installed for KTFL Television in Flagstaff,  
  Arizona. 
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In the summer of 2005, the WLOV transmitter shutdown due to a chiller failure, 

and it was found that a pinhole leak had formed in a solder joint in the Freon line within 

the chiller itself.  The leak was repaired, the Freon recharged and the system was returned 

to operation within less than 48 hours.  Also in summer 2005, the KTFL transmitter 

experienced a massive failure that destroyed the control system, all power supplies, fans, 

chiller, and started a fire inside the UPS.  Unfortunately, seven other broadcast 

transmitters were damaged or destroyed at exactly the same time at the Mormon 

Mountain transmitter farm.  This failure was a result of Arizona Power Company 

accidentally swapping feeds during a repair after a forest fire, causing a several thousand 

volt spike on the primary power that feeds the Mormon Mountain site.  Arizona Power 

paid for all damages to the equipment for all the stations involved. 

The only other failures reported were due to a failure within the modulator.  First 

at KTFL and then at WLOV, the upconverter cards inside the modulator failed causing 

the Bit Error Rate in the data stream to increase, which caused the receivers at the 

consumers sites to become muted.  K-Tech was aware of the problem with the 

upconverters and replaced all of the units that were installed prior to January 2006 for 

free. 

As of this writing, there are still several DT-4KU transmitters in operation, and as 

of this writing, none of the owners have reported a failure with the hardware that was 

designed or built that is encompassed by this thesis.
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 
 

Techniques to improve the performance of individual components in the 

transmitter system are discussed in this chapter.   

 Currently, the transmitter control system controls and monitors the complete 

transmitter operation with little emphasis on the monitoring of the individual 

components.  Ideally, the user would be able to monitor and control each individual 

amplifier module so that in the event of a failure, an initial diagnosis could be made 

without the aid of any external test equipment.  Once the diagnosis is made, the user 

should have the option to disable a specific amplifier module and return the transmitter to 

service while awaiting parts to repair the defective component.  It would also be 

beneficial for the user to have the ability to monitor the voltage and current at each 

individual transistor on a regular basis with trend logging so that preventative 

maintenance can be performed before a failure actually occurs. 

 The splitters and combiners on each module were designed for a specific channel.  

Ideally these should be designed to operate over several channels or even the entire UHF-

DTV band.  This would minimize the number of stock components required and allow 

for easier module design, construction and maintenance.



 

- 125 - 

 The current mask filter design works very well, but the limitations of the filter 

have not been tested or documented.  This filter was tested at ten kilowatts for several 

hours without arcing or failure but the upper power limit is unknown.  If the filter were 

tested at higher power levels, it could be a viable stand-alone product that could be 

marketed independent of the actual transmitter.  This filter is a reflective type filter which 

requires the use of circulators on the output of the amplifier modules.  It would be 

advantageous to design and implement a constant impedance filter that would use two of 

the existing filters connected together with 90 degree hybrids and dummy loads to 

eliminate the need for additional circulators and loads at the amplifier. 

The transmitter was designed to have hot pluggable modules so that the modules 

could be removed or inserted while the system was on the air, allowing the remaining 

modules to continue to operate with the one module removed.  Although all the 

components to do this are in place – blind mating RF input and output connectors, blind 

mating water connections and blind mating power and control connections, this was 

never able to be used because all the transmitters sold were configured for low-power, 

single-module operation.  Since these systems were configured with one module, the hot 

plugablilty of the module was never needed.  The hot plug design was tested during the 

design phase with two modules and worked seamlessly when removing or inserting either 

module, but unfortunately was never needed in the field. 

All the units sold as of this writing were configured for low power operation.  

Therefore, the eight-way Gysel[52] combiner that was designed for the system was never 

implemented.  Although the initial design is complete, it was never prototyped or tested.  
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If any high power transmitters are to be manufactured, the combiner will have to be built 

and tested before any more work can proceed.  Figure 5-1 shows the initial design of the 

channel 16 eight-way Gysel combiner. 

 

 

Figure 5.1 Eight-Way Gysel Combiner Layout for High-Power Combiner
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