An All Digital Fractional-N

Synthesizer

Designing a bigh-performance frequency synthesier is not
a trivial task, especially when modern components such
as direct digital synthesizers (DDS) 1Cs are not
available. This synthesizer uses cheap off-the-shelf
components, but modern all-digital fractional-N
synthesis techniques, that allow it to meet or beat the
performance of much more complex and costly designs.

uring the design of a home-

made DSP HF transceiver, I

faced the challenge of the first
LO synthesizer design. I studied sev-
eral solutions to improve the perfor-
mance of synthesizer—to obtain small
step size while keeping the other
parameters state-of-the-art. A mul-
tiple-loop design was too complex and
expensive for home building.! The hy-
brid DDS-driven PLL synthesizer dis-
cussed in @ST and QEX in recent
years2 3 would be a suitable solution,
but I was unable to get DDS chips. So
I decided to try all-digital fractional-
N techniques.

TNotes appear on page 33.
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After some experiments, I have
reached success with a simple all-
digital, fractional-N, single-loop
synthesizer with fractional spur com-
pensation using a fourth-order sigma-
delta modulator.

Fractional-N Divider Basics

Fractional-N synthesizers have
been used for many years to improve
the performance of indirect frequency
synthesizers. Fig 1 shows the principle
of a fractional-N divider. The division
ratio of the divider is made to have a
fractional component by changing the
division ratio of the divider periodi-
cally, so the average value contains a
fractional element. If, for instance, a
fractional value of 0.1 is required then
the division ratio is changed by one
every tenth cycle. If a fractional value
of 0.01 is required then the division

ratio is changed by one every hun-
dredth cycle. This offers much finer
frequency control than integer-based
systems.

An accumulator whose digital out-
put is incremented for each cycle of the
divider by the fractional frequency
requirement is a convenient method
of controlling the division ratio. The
accumulator uses an adder latch to
add the contents of its input to its cur-
rent output on each cycle of the clock.
It behaves as the digital equivalent of
an integrator and since the integral
of the frequency is phase, its output
represents the relative phase of the
fractional component. Every time the
accumulator reaches its capacity, it
produces an overflow, which changes
the divider division ratio.

There is a price to be paid for the
improvement in frequency resolution
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these systems provide. The manipula-
tion of the divider ratio generates phase
perturbations, and hence, spurious sig-
nals that must be eliminated in a use-
ful synthesizer design. The nature of the
phase perturbations is predictable and
can be cancelled using an analog cor-
rection system. Such a system was used
in the first LO of the RA1792/RA6790
receivers. Solutions that use various
techniques to improve the performance
of PLL-based fractional-N systems have
been patented.* 5 Unfortunately, the
fractional-spur suppression was limited
by analog circuits.

The Digital Revolution

In 1984, John Wells of Marconi In-
struments invented a new solution to
the problem of fractional-N synthesiz-
ers that did not require analog com-
ponents to correct noise and spurious
emissions normally introduced by
fractional-divider schemes.® An imple-
mentation of such a system is shown
in Fig 2.

This digital fractional-N system is
based on the principle of noise shap-
ing. Instead of trying to cancel the frac-
tional-N spurs, this system spreads
them out over a wide spectrum, and
modifies the resulting noise shape so
as to minimize low-frequency spectral
content (see Fig 3). The technique ac-
tively reduces the generation of low-
frequency noise and exchanges it for
increased levels of higher-frequency
noise. This is a very good arrangement
because the PLL itself acts as a low-
pass filter.

In the example of Fig 2, the single
accumulator of the earliest forms of
fractional-N synthesizers is replaced
with three or more accumulators, the
output of each being connected to the
input of the next. The overflow from
each of the accumulators manipulates
the division ratio of the divider.

The first accumulator overflow acts
in the same way as the accumulator
in the simplest fractional-N systems.
It changes the division ratio divider
from N to N + 1 for one cycle when the
accumulator overflows. The remainder
output from the first accumulator rep-
resents the phase error that would
result if no other correction were ap-
plied. The second accumulator digi-
tally integrates the output of the first
accumulator and subsequent accumu-
lators repeat this process. The over-
flow from the second accumulator
needs to manipulate the division ra-
tio by the differential of the effect of
the first accumulator. In a similar way,
the output from the third accumula-
tor manipulates the division ratio by
the differential of the effect that an
overflow output from the second ac-
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cumulator causes, and so forth.

The sequences that are generated
correspond to the terms of a plurality
of sequences, each of which represents
successive rows in a Pascal triangle (see
Fig 4). The sum of each row is zero, with
the exception of the first, which is re-
quired to correct the division ratio of
the divider overall to obtain the re-
quired fractional frequency. Because the
second and subsequent rows of the
Pascal triangles introduce an average
divider change of zero, these accumu-
lator overflows have no long-term effect
on the division ratio of the divider. How-
ever, they are used to remove low-fre-
quency components from the divider’s
output spectrum and to transfer the
energy to higher frequencies where the
PLL loop filter can successfully filter
them. As shown in Fig 2, the accumula-

tor overflows are fed via delay networks
(implemented by D-type flip-flops) to
the adder with weighted inputs, so that
they generate the required division-
ratio changes.

The ability to suppress fractional
spurs depends on the initial accumula-
tors’ contents and input to the first
accumulator. If we want good spur sup-
pression, we should avoid initiation cy-
clic sequences in the accumulators (like
1000->0000->1000-> and such in a four-
bit accumulator), which would shorten
the generated sequences.” To ensure
“longevity,” the LSB of the first accu-
mulator input is always set (only odd
fractional numbers are used). The
effect is the creation of a very long
pseudorandom sequence, eliminating
initial-condition effects with high-pass
characteristics and the desired average
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Fig 1—A block diagram of the simple (first order) fractional-N synthesizer.
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division ratio. This can create a fre-
quency error of:

gis (Eq 1)
2L

where L is the size of the accumulator
and F_is the reference frequency.

Ty’

Circuit Details ‘ l

The synthesizer, shown in Figs 5 ||
and 6, consists of the VCO, two isola-
tion amplifiers, an output frequency
divider and a PLL circuit. The VCO
operates in three bands (see Table 1).
Its output is divided by 4 to 14, de-
pending of the band, before feeding it
to the first mixer. This improves
phase-noise performance.® A KP307G
junction FET was selected for the os- \ /\
cillator circuit because of its low noise
figure. The KP307G is a Russian tran- V
sistor. A J310 is a suitable substitu-
tion for it. A short-circuited line W1
with an unloaded @ of 300 is used as Frequency
a resonator. The two high-quality PIN-
diodes D7 and D8 are used for band
switching. (Unfortunately, I do not
know a suitable substitution for these
Russian parts.) The series-parallel
combination of six Varactors is used
for better phase-noise performance.

The two amplifiers Q3 and Q4 iso-
late the output divider and PLL cir-

Quantization Noise

Fig 3—Typical output spectrum shape of the multiple accumulator fractional-N divider.

+1

cuit from the VCO. I used a BF998 +1 -1
with a very low reverse-transfer ca- 1 - 1 Fig 4—Pascal’s triangle used for
pacitance. division-ratio calculating.
The U7 divides the output of the 1 -3 +3 -1
synthesizer by any value from 1 +1 -4 +6 -4 +1

through 9. Only division ratios from 2
through 7 are used in my transceiver,
with an additional divide-by-two stage
(74AC74) located on the first mixer
board. Thus, the overall division ratio
varies among even values from 4
through 14, to obtain square waves for

the mixer. A bit unusual: The divider Y
schematic allows avoiding of the ad- vCo Buffer M ) Output
ditional inverter use. KPso7G BFocs 74AC181 {
The heart of the fractional-N synthe- T —— _—
sizer consists of two ICs (see Figs 5 and : :
6). The complex algorithm of fractional- LPF e | Control |«~——) SPIBus
N divider and interface with the con- : !
trol processor (via standard SPI bus) T r“‘#“*q | l |
are realized by microcontroller U5, Buffer ' Prescaler] ! 'l :
while fast logic functions are realized 74HCO0 : 10 : T N A |
by complex programmable logic device I ! 'l }
(CPLD) U4. This makes the design } L .
simple and low-cost, but the microcon- l PED | ! :
troller’s performance (8 MIPS) limits ; 3 ] |
i |
reference frequency to 150 kHz (this I T : : osc N
|
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Fig 5—The synthesizer’s block diagram.

OEX=- Nov/Dec 2003 27



R1< éR4 6 x BB133 c1 L
160 3 > 160 ,-J7 L 0-68/3; s
o1 ¥ o2 ¥b3 244H R2 R3 74HC00
s 5.6k 3.6k —t
24 T 7T FYY M vw—30C2_]
I T 1 Te
D4R D5K D16 Cs RS
I 0.015 0.15 1k .
L3 L4
24 H 2.4 uH c7 f
L c17 ,J: 2.2 U3
c16 [ 47 78D05
4-20 pF D7 <3 I K -
n UL
1 — c13 | Gnd
KAS09A 0.68 2 C62
c19 ; —
4-20 pF D8
H > €20 c21 l c2 . l1oo WF s " 1 1108_{’/’:
KA500A Q2 T 0.033 -T-0.033 T 0.68 "+10 vV 78108
c26 KP307G
1-5 pF ) Hou™¢ o2
= P ) jiz
./ J2
m JTAG
2 1
1 C28
w1 T 9.1 pF 4 3
6 5
p. 1 c30 n.c.
/J; 30 n.c. 8 7 n.c.
10 9
77 _‘T
2 R8 i
<o 430 |
R10
15k Q3 c29 > R9
9 BF998 1500 %20 k
R15 ﬁ\) {¢ —
6.2 ( -41
AAA | R14
4 10k
Except as indicated, decimal values of ] c31
capacitance are in microfarads (uF); '}(1)8 ; 0.015
others are in picofarads (pF); resistances
are in ohms; k = 1,000. ] c32
n.c. = No connection /J; 0.015 >R47
o430
Q4
orws | S
|
R19 € —
6.2 <)
—AA—]
, UsA 1 ] c34
2R21  R22 0.015
2 L5 .
’1 :>>_[n.c. 24 uH iwk 100 ;
R23
160

Fig 6—The synthesizer’s schematic diagram.

Cc38 |

0.033 i

28 Nov/Dec 2003 QOEX-

S I T



c2

3 fn |:;E((:,Out 1 4\L
U1 = 0.68 C3
LP2950-33 |2 |
ca
+84 0033
[AY
J1 100 pF e
R7 JTAG 0V
1k 1 )
3 4
ﬂ n.c. > R6
5 6 n.c. < 15k
Lo Lecwo  Le 7 8 »—_I_
0033 T 068 T 068 , " c1a
c12 477 ne. lo.ms
. Tl 0033 T 11 12)
9 |17 |29 |41 13 14
8 8 8 8 n-c-a— —-()n.c.
> > > > 13
nc.t—24 o o US
14
net— 1o o MSP430F122
5 15 28 1 py.7/TA2/TDITDO TEST
n.c. 110 1[e] s
27 2
ne.t—21 o vo H8) ne. P1.6/TA1/TDI vee 2 2
8 19 26 | p.5/TAOTMS P2.5/Rosc |2 n.c Ay
n.c. 110 110 n.c. ' . e
25 4
ne 119 o o2, . P1.4/SMCLK/TCK Vss — L ;mM }
24 5 — z
4o vo 2 ) ne. P1.3/TA2 XOUuT =
23 6 |
210 o2 ) ne. P1.2/TA1 XIN e—
22 === 7 c18 iz
26 | jorrek ol e P1.1/TAO RST/MNI -
21 8
U vorroi o 128 ) ne. P1.0/TACLK P2.0/ACLK
20 9
321 yorrpo ok e n.c. =2 P2.4/CA1/TA2 P2.1/INCLK
19 10
71 vorrms o 28 Jne. n.c. P2.3/CAO/TA1 P2.2/CAQUT/TAO 1%20%
1 18 11 >
37 § iGeLKA o B2 Jne. P3.7 P3.0/STEQ |
17 12 ,
391 iGCLR o Pl e n.ec. P3.6 P3.1/SIMOO 4
— 16 13
38 1 \/OET o |33 P3.5/URXDO P3.2/SOMIO n.c. 1500
BES 15 14 '
01 oEzceke 1o B4 ) ne. n.c. =24 P3.4/UTXDO P3.3/UCLKO |
35 c27
77 1o n.c. 1500
U4 o 42 ) ne.
EPM7032S i
110 n.c.
u7
vo |49 ne. 74AC161
2 228 3 14
§ 656 6 m a1 n.c. > & & R11-13
R18 P2 13 3
4 |16 |24 |36 10K 1 Q2 ne. $S$ 3x560
6] ps a3 K& ) ne.
2ok aspM — 10 1
T =
py IS (] SRS 1LO Synth
o ) 8
U9 R20 71 pe n.c. { nc
7:;)5 10k ) - ne.) d
3 1 16 8
in ou Vce GND 6
Snd +[ 100 Loz L car j, CLK
2 035;—10\/ ;0.033 ;J;o.ee 5] pata
ilss
3
1 R i ) +6 V to Pin 14 of 74HC00 GND
u10 G"‘; C39+_L100pF oo 1 ca 2| eno
L78L06 10V 0.033 0.68 usB usc
LoV Lo T 7 7 1 Oy
5 10 ). /-Jv
4 9 .C.

OEX-— Nov/Dec 2003 29



design uses 100 kHz).

The CPLD U4 is the smallest de-
vice in EPM7000S family. It is config-
ured to contain a prescaler, a reference
divider and a dead-zone-free phase
frequency detector (PFD). The sche-

matic of the CPLD is shown in Figs 7
and 8. Those diagrams were designed
with the E+MAX CAD tools.?

The voltage divider (R9, R14) is
used to set up the necessary bias for
EPM7032S clock input. It has

LVCMOS compatible inputs, so it
needs approximately 1.7 V.

The prescaler is built using a
Johnson counter to satisfy the 100-MHz
operating frequency requirements and
to obtain square-wave output. Five
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Fig 8—Functional diagram of the dead-zone free PFD implemented in the CPLD.
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stages are used for division by 10. The
output is fed to the fractional-N divider,
implemented in the U5 microcon-
troller’s software. Since U5 is a 3.3 V
device, the open-drain output and 1 kQ
pull-up resistor connected to 3.3 V are
used.

The reference divider operates at
8 MHz and divides the input frequency
by 80 to get a 100-kHz reference, which
is fed to the PFD reference input. The
microcontroller’s oscillator is used as
the reference oscillator. To improve its
frequency stability, a high-quality
vacuum crystal is used here (see Fig 9).

The PFD design is a very important
part of the fractional-N synthesizer.
The traditional dual D-type flip-flop
(DFF) PFD will fail here. As men-
tioned before, the noise at the output
of the fractional divider has a high-
pass shape; if we want to have the
same noise at the VCO output, we
need to have a highly linear PFD. Oth-
erwise, high-frequency noise will be
intermodulated down to the low-fre-
quency spectrum. The quad DFF and
XOR gate design gives us such an op-
portunity. '

The PFD is composed of two sec-
tions (see Fig 8). The first section is
the phase detector composed of a dual
DFF and the XOR gate, which is acti-
vated when the two signals to be
compared are close in frequency. The
second section is a frequency discrimi-
nator composed of a dual DFF and two
NAND gates. It overrides the phase-de-
tector section when the inputs have
two frequencies far from each other to
drive the oscillator frequency toward
the reference frequency and put it
within range of the phase detector. The
detailed description of such a design
can be found in the AD9901 datasheet.

The output of the EPM7032S has a
3.8 V logic-one level. This prevents us
from connecting it directly to the loop
filter. So, I used a 74HCO00 gate as an
amplifier. It operates at the highest
permissible supply voltage (6 V), so I
have a 1 to 5.6 V swing at the Vara-
ctors. One could say that it would be
better to use an op-amp integrator
with higher supply voltage here, but
this design is simple and does not suf-
fer from the noise and non-linearity
of an op amp. By the way, all models
of IC-746PRO/756PRO use passive
loop filters and even smaller tuning-
voltage ranges.

The synthesizer uses a fourth-order,
passive loop filter. I have calculated
initial values using MathCAD and
tweaked the values a bit during phase-
noise measurements. The corner fre-
quency was chosen to be 400 Hz. The
choice was directed by high-frequency
noise suppression requirements. The

Fig 9—A top view of the synthesizer PC board.

Fig 10—A bottom view of the synthesizer PC board.
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Byte 1 2 3 4 5 6

number

Description N lowest byte | N second byte | N third byte N fourth byte N highest byte | Control byte

_____________ : Fig 11—The control-word
__________ | format.
————————— |

__________ |

Bit number | 7 6 5 2 1 0

Description | VCO1 VCO2 0 D2 D1 DO

simulation of the switching time showed less than 8 ms
switching time.

The low-power 16-bit microcontroller, U5, acts as frac-
tional divider and control unit. The software uses the timer
module as a divider.!® When the timer generates a pulse
at the output, its interrupt procedure is invoked to calcu-
late the division ratio for the next cycle. This value is loaded
into the timer compare register for the next pulse genera-
tion. This is repeated 100,000 times per second.

Linitially used three 25-bit accumulators (with the 25th
bit set to one); but after assembly and testing the synthe-
sizer noise performance, I found some spurs, especially
close in. So I decided to try four 32-bit accumulators—they
were just what I needed! Fortunately, I need only to make
minor changes to software and upload it to microcontroller
to try different fractional-N divider configurations.

U5 is also used to control VCO band switching by in-
jecting a 15 mA current through the PIN diodes, setting
division ratio of the output divider, U7, and control syn-
thesizer via the SPI bus. The format of the control word is
shown in Fig 11.

The next formula gives the relationships of value for
the divider (N), output-division ratio (M), output-divider
control bits (D) and output frequency (F, )%

M=9-D (Eq 2)
256N +1 N
Fout =100 Frep .mzlo'pref.m (Eq 3)
24
o2 eMeFy (Eq 4)

10eF

ref

I think that 10210° ~0.06Hz YCO step size is more than
24 :

2

sufficient, so I decided to discard the low byte of the 32-bit
first accumulator input word and set it to 00000001b to
ensure longevity (see above). Notice that this value is di-
vided at least by four in the worst-case of my design. The
synthesizer uses five voltage regulators to satisfy ICs power
supply requirements and get the necessary decoupling be-
tween different synthesizer blocks.

Construction

The synthesizer is made on a 95 mm by 95 mm home-
made PC board (see Figs 9 and 10). The VCO, isolating
amplifiers and output divider are shielded from the other
circuitry. The VCO resonator is made from a piece of Teflon
(used for mechanical stability) and silver-plated wire
(0.5 mm diameter).

Results

The phase noise of the synthesizer was measured using a
signal generator (the manufacturer claims it has
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Fig 12—The synthesizer within the transceiver under construction.

Fig 13—The synthesizer is about 9 cm square.

-140 dBc/Hz phase-noise performance at 100 kHz offset)
followed by a two-pole crystal filter. The synthesizer was
installed in my homemade DSP transceiver. The test signal
was applied to the antenna jack and the DSP block was used



to measure the noise power in 1000-Hz
or 2400-Hz bandwidths (the DSP soft-
ware is capable of precise power mea-
surements) at the different offsets. Then
I corrected results by —10log, (Band-
width) to get results in dB¢/Hz. The re-
sults are shown in Table 2. These num-
bers were obtained with the division by
10 at the output of the synthesizer at
20 m, so I expect degradation of the
phase noise by 8 dB at 10 m and im-
provement by 2.9 dB at 160 m.

I have no spectrum analyzer, but I
could not find any significant spurs re-
ceiving a test signal. At this time, this
synthesizer is installed in my trans-
ceiver. I have found superior stability
and a much simpler tune-up procedure
in comparison with the previous de-
sign based on a single-loop synthesizer
with interpolation provided by “pull-
ing” the master crystal (a system like
the one in the Elecraft K2).!2

Future Work

I have found an interesting patent
in the US patent database.!® It is pos-
sible to construct a frequency synthe-
sizer with the reference multiplication
factor of 1 using that patent and the
fractional-N technique described in
this article. So, if we used a low-noise
reference oscillator, highly linear PFD
and wide loop bandwidth, we would
be able to get very good VCO noise
suppression. I think that it is possible
to build a super synthesizer using such
a design. Of course it will not be as
simple as the one I have described. It
will need some additional analog cir-
cuitry and fast, high-density program-
mable logic ICs. Currently, I am satis-

Table 2

Offset Noise
(kHz) (dBc/Hz)
2 -120
5 -128
10 -133
20 -136
30 -139
40 —-142

fied with the described design and will
concentrate on finishing the other soft-
ware and hardware of my DSP trans-
ceiver. You can view the progress of my

transceiver at users.ints.net/skidan/
TO3DSP.

Conclusions

I have presented a simple all-digi-
tal fractional-N synthesizer. Despite
its simplicity and low cost, it has sat-
isfied the first-LO requirements for
my HF DSP transceiver. The synthe-
sizer contains no analog circuits, ex-
cept the VCO, so it is very easy to build
and tune up (actually you need just to
set up the necessary VCO bands by
tuning C26, C16 and C19).

T expect digital fractional-N synthe-
sizers to be widely adopted in amateur
and commercial equipment. They of-
fer some advantages over widely used
direct digital synthesizers because of
their manufacturability, high resolu-
tion and the predictability of the re-
sulting noise.

Notes

V. Manassewich, Frequency Synthesizers
Theory and Design (New York: John Wiley
and Sons, 1976).

2U. Rohde, KA2WEU, “A High-Performance
Hybrid Frequency Synthesizer,” QST Mar
1995, pp 30-38.

3C. Drentea, “Beyond Fractional-N,” QEX
Mar/Apr 2001, pp 18-25; May/Jun 2001,
pp 3-9.

4 0. Golovin, “Professionalnie radiopriemnie
ustrojstva dekametrovogo diapazona”
(Professional receivers for decameter
band) in Russian, Moscow, USSR, 1985
(pp 280-282)

5R. Cox, Hewlett-Packard Company, “Fre-
quency Synthesizer,” US Patent 3,976,
945, 24, Aug 1976.

6J. Wells, Marconi Instruments, “Frequency
Synthesizers,” US Patent 4,609,881, 2
Sep 1986.

7C. Hill, “All Digital Fractional-N Synthesizer
for High Resolution Phase Locked Loops.
Part 2,” Applied Microwave & Wireless
Jan/Feb 1998, pp 38-42.

8Y. Drozdov, “Lyubitel’skie KV Transiveri’
(Amateur HF Transceivers), in Russian,
Moscow, USSR, 1988, pp 26-31.

9E+MAX and other CAD tools for MAX7000S
are available from Altera Web-site (www.
altera.com) free of charge. Also you can
find there an easy to build ByteBlaster
download cable.

10The software is written in GNU assembler
and compiled using GCC compiler. GCC
compiler for the msp430 microcontroller
series is available free of charge from
(mspgcc.sourceforge.net).

In my transceiver, the synthesizer signal is
additionally divided by two on the mixer
board. Here | give formulas for synthesizer
board output.

12You can learn more about Elecraft K2
transceiver (and download manuals with
full schematics) on the Elecraft Web-site
(www.elecraft.com).

13Alexander Roth, Rohde & Schwarz GmbH &
Co KG, “Frequency Synthesizer Operating
According to the Principle of Fractional Fre-
quency Synthesis,” US Patent 5,847,615, 8
Dec 1998. oo

up to $100.

These include, but are not limited to:

* Digital voice experimentation.

satellite techniques.

a value up to $100.
Nominate Now!

ARRL 2003 Technical Awards Call for Nominations

ARRL members are encouraged to send nominations to ARRL Headquarters. Please include basic contact information for both you and
the nominee. Submit support information along with a nomination letter, including endorsements of ARRL affiliated clubs and League
officials. Nominations should thoroughly document the nominee’s record of technical service and accomplishments. The nomination form
for these awards can be found at www.arrl.org/ead/award/application.html.

ARRL Technical Service Award is to be given annually to the licensed radio amateur whose service to the amateur community and/or society at
large is of the most exemplary nature within the framework of Amateur Radio technical activities. These include, but are not limited to:
* Leadership or participation in technically oriented organizational affairs at the local or national level.
*» Service as an official ARRL technical volunteer.
* Service as a technical advisor to clubs sponsoring classes to obtain or upgrade amateur licenses.

The Technical Service Award winner will receive an engraved plaque. In addition, the winner may request ARRL publications of a value

ARRL Technical Innovation Award is granted annually to the licensed radio amateur whose accomplishments and contributions are of
the most exemplary nature within the framework of technical research, development and application of new ideas and future systems.

* Development of higher-speed modems and improved protocols.
* Promotion of personal computers in Amateur Radio applications.
* Activities to increase efficient use of the amateur spectrum.

The Technical Innovation Award winner will receive a cash award of $500 and an engraved plaque.
ARRL Microwave Development Award is given each year to the amateur (individual or group) who conducts research and application of
new and refined uses and activity in the amateur microwave bands. This includes adaptation of new modes both in terrestrial formats and

The Microwave Development Award winner will receive an engraved plaque. In addition, the winner may request ARRL publications of

Send nominations to: ARRL Technical Awards, 225 Main St, Newington, CT 06111. Nominations must be received at Headquarters by
March 31, 2004. Send any questions to Headquarters or e-mail jwolfgang@arrl.org.
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