RF (RADIO FREQUENCY) SIGNAL GENERATORS ARE ES-

sential equipment for radio-frequency design. A IOOk at the
The TG2000 described in this article is a PC-

based synthesized signal generator. It can also dGS'gn of a 2-GHz
function as a tracking generator for DKD Instru- .

ments' Models 810B and 1800C/H PC-basedspee- IR signal generator.
trum analyzers. The model 810 spectrum

analyzer was the subject of an article in Radio-

Electronics. August and September 1991.

The TG2000 is a IBM-PC compatible card that -
can be installed in an 8-bit slot on the PC bus. P
(Alternatively, it can be interfaced to a parallel - (el
port, although an external power supply is
needed for that.) Software for the TG2000 is a

stand-alone package that is available on the
Electronics Now BBS (516-293-2283. 9600, ]
V.32, V.42bis).

By reviewing the key specifications shown in
Table 1, it can be seen that the TG2000 covers the

‘band from 4 to more than 2048 MHz in pro-

gressive octave bandwidths. Its output is phase-

locked to a 4-MHz crystal reference and its out-

put power ranges from —5 dBm to 0 dBm, Qut- )
-~ ‘ 1.

‘put impedance is nominally 50 ohms and is T
provided via an F-connector. An optional output o E ﬁ\
connector provides an attenuated output. Exter— .
nal FM modulation is supported via an AC—
pled RCA jack input. A sync pulse is prg [idcas
another RCA jack for triggering scopes gt
equipment. System requirements are
est for stand-alone operation; a PC/XT & 'BEtEe
with CGA'or better monitor, 512K'RAM, aytiie
floppy drive are all you need.

RF generator basics
Flgure 1 shows the RF output spectrum fr§
“ideal” generator that produces a single frg
quency or tone with infinite purity. The read
world is more complex than Fig. 2 shows. An
actual spectrum consists of the fundamental fre-
quency, as well as other undesirable frequency !
components,

The unwanted frequency components are
broken down into three categories: Harmonically
related, spurious (or non-harmonically related),
and residual modulation close to the fundamen-
tal frequency that are due to noise and phase-
locked loop (PLL) processes. Harmonics pose the
least problems. and at times could be desired, as
in frequency multiplication or mixing. Spurious
response is generally never useful, and its best to
minimize its content and power. Subharmonics
or outputs at whole number fractions of the fun-
damental are almost always undesired output.

To understand the third group of unwanted
outputs “zoom in” on the fundamental line (see
Fig. 3), where the small residual modulations
can be seen. Of all the unwanted components,
this one is the toughest to eliminate. It consists
of phase noise and residual FM sidebands. Re-
sidual FM is generally caused by the PLL process
and cannot be completely eliminated. Phase
noise is caused by random fluctuations or noise,
and it cannot be completely eliminated.

One way to visualize residual modulations is to
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TABLE 1
MODEL TG2000 SPECS
Frequency coverage: 4 10 2100 MHz, Single Output, F/SMA Connector.
Power output: 0 dBmto-10dBm
w/Option P-01 ; +7 dBm to—-10dBm,
Total power Flatness; +2 dB over the band 10 to 2000 MHz
Frequency step sizes:
Step Band
250.00000 Khz 1024 to 2048 MHz
125.00000 KHZ 512 to 1024 MHz
62.50000 KHz ' 256 to 512MHz
31.25000 KHz 128 to 256 MHz
15.62500 KHz 64 to 128 MHz
7.81250 KHz 32 to 64MHz
3.90625 KHz 16 to 32MHZ
1.95312 KHz 8 to 16 MHz
0.97656 KHz 4 to 8 MHz

With option DDS-01 step sizes are reduced by:
Max step size (@ top of band); Take above step sizes divide by 238
Min step size (@ bot of band); Take above step sizes divide by 476

VSWR of Output (50 ohm): < 1.3 all bands.
Frequency Output Spec’s:

Primary Oscillator Phase locked to Crystal or DDS reference.
Reference Sidebands; > -50 dBc typ. @ 1000 MHz

Phase Noise; > -70 dBc/Hz @ 10KHz offset @ 1000 MHz
Harmonics;
2nd; > -10dBc 68 to 2200 MHz

>-5dBc  5to 68 MHz
All others > -10dBc 5 to 2200 MHz
Spuruous; > -50dBc TYP to to 2200 MHz
Subharmonics, LO/2; > -20dBc, -30dBc typ. 1100 to 2200 MHz
5 to 1100 MHz no subharmonic content.
Frequency Accuracy; +/- 30Khz All bands @ room temp.
+/- 200Hz w/ Optional TCXO reference.
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EXT. FM Modulation Input:
Impedance; >10K ohm
Bandwidth; »5KHz
Max Sensitivity; 1v/100MHz
Coupling; AC

Power Requirements:

(Optional) Ext. AM Pulse Modulation:

Impedance; TTL
Bandwidth; SKHz
ON/OFF Ratio; >30db
Copuling; TTL Levels

+5VDC @ 0.5 amps, +12 VDC @ 0.2 amps, -

12VvDC @ 0.1 amps

Interfaces:
System Requirements:

PC Bus or Paraliel interface (Centronics).
360K Disk Drive, VGA, EGA or CGA graphics

adapter, 512k Ram, DOS 3.0 orhigher.

imagine a perfect FM radio re-
ceiver. If the output of a perfect
RF generator were fed into the
perfect radio, nothing would be
heard from the speaker. If a sig-
nal containing phase noise and
residual FM were fed into our
perfect radio receiver, the phase
noise would be heard as a hiss,
and the PLL sidebands would be
heard as a single tone (assum-
ing that the sidebands were au-
dio frequencies within the
human ear's frequency re-
sponse range).

Synthesized vs.
non-synthesized

RF signal generators can be
classified into two categories:
synthesized and non-syn-
thesized, or open-loop. Non-
synthesized generators tend be
less expensive, and for that rea-

~son you will still find them 'in

consumer receivers. An exam-
ple of anon-synthesized RF gen-
‘erator is a voltage-controlled
oscillator (VCO). Synthesized
generators such as the TG2000
are more accurate and frequen-

cy-stable than non-synthesized
generators.

AVCO can be converted into a
synthesizer with the addition of
a PLL. This turns the open-loop
VCO into a closed-loop control
system in which frequency can
be controlled with much greater
precision. There is a price for
this accuracy though: VCOs es-
sentially have infinite frequency
resolution and fast settling
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FIG. 1—IDEAL RF OUTPUT SPECTRUM
from an ideal generator. The ideal gener-
ator produces a single frequency or tone
with infinite purity.
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FIG. 2—THE PRACTICAL GENERATOR
is considerably more complex than an
ideal one. The actual spectrum consists
of the fundamental frequency that we
want, and other frequency components
which we don’t want.
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FIG. 3—TO SEE THE THIRD GROUP of

unwanted outputs you can ‘‘zoom in” on
the fundamental line.




times. Once a PLL is coupled to
the VCO, the oscillator has
fixed-frequency steps and, in
general, slower settling time. A
benefit to PLL control of a VCO
is that the phase noise declines
dramatically over that of the
open-loop VCO.

The PLL

The minimum number of
components for a common PLL-
based synthesizer are a VCO, a
phase/frequency detector, a loop
filter, and a crystal reference (see
Fig. 4). The PLL divides the crys-
tal reference down to form the
reference frequency, typically on
the order of 10 to 500 kilohertz
(kHz). The output of the VCO is
also divided down and then
compared with the reference
frequency at the phase/frequen-
cy detector. This generates an
error voltage that, when filtered
and fed to the VCO, forces the
VCO frequency to be an exact
multiple of the reference fre-
quency. The filter for the error
voltage is called the loop filter.
The time constants of this filter
and other characteristics will
greatly effect PLL performance.
Phase noise, reference sideband
levels, and settling time will all
be influenced by the loop filter.

As already mentioned, the ref-
erence frequency is found in the
RF output as sidebands that are
symmetrical about the funda-
mental. This is the approach
used in the TG2000.

Another common element
found in RF PLL synthesizers is
the prescaler, which reduces the
frequency of a VCO to one that
can be handled by the program-
mable dividers. Prescalers come
in many divide ratios, and some
have multiple divide ratios.
Dual-modulus prescalers are a
special class of prescaiers.
These dividers have two divide
ratios, typically Nand N+ 1. The
active divide ratio depends on a
separate control input. Dual-
modulus prescalers allow finer
step sizes for a given divide ratio
than fixed prescalers.

A trade off

Ideally, a synthesizer has infi-
nitely small step sizes and no
phase noise. Unfortunately as
step size is reduced, phase

PLL
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FIG. 4—THE COMPONENTS for common PLL-based synthesizer are a VCO, a phase/
frequency detector, a loop filter, and a crystal reference.

noise increases. There are some
exceptions to this rule but, in
general, to obtain the cleanest
possible output in terms of
phase noise, larger step sizes or
equivalently larger reference
frequencies are needed. As a
rule of thumb, every time the
reference frequency is reduced
by a factor of 2, the phase noise
increases by 6 dB. A technique

" that’s just starting to be widely

used, called fractional syn-
thesis or arithmetically locked
loops, offers some relief in the
phase noise/step size trade off.

The 125-kHz reference fre-
quency is the highest that can
bq accepted by the TG2000
while providing its complete fre-
quency range. This limitation
on frequency range is caused by
the dual modulus characteristic
of the MB1501 prescaler.

Multiple octaves

A typical VCO can span, at
best, a frequency range roughly
double that of the VCO's lowest
operating frequency. This is
called its octave bandwidth. For
example, a VCO with a O- to 28-
volt control voltage range that
outputs 1 GHz with zero volts at
its control point will output 2
GHz with 28 volts of control volt-
age. It becomes obvious that to
cover 4 to 2048 MHz with one
VCO is not practical. To over-
come this limitation, many
strategies are used in RF gener-
ators. They usually involve mix-
ing a VCO octave band down or
up.
The TG2000 uses a pro-
gressijve-division technique. A
1024- to 2048-MHz VCO is
phase locked, and then a series
of divide-by-2 prescaler ICs cre-
ates the {requencies between 4
and 1024 MHz in progressively
smaller octave bandwidths. To

cover the 4- to 8-MHz band, for
example, the 1024- to 2048-
MHz VCO output is divided by
256, or 28. One advantage of
progressive division is that
phase noise improves with each
increase in divide ratio. The
power of two relation also ap-
plies to the minimum step size
available in each octave band.

Each divide-by-2 divides this
minimum step size in half. A
disadvantage of this method is
the relatively high harmonic
content caused by the dividers
and higher {requency bleed-
through due to limitations in
high frequency RF isolation.

Another disadvantage of the
progressive-division technique
is arelatively large step size. The
TG2000 uses a reference fre-
quency of 125 kHz, which the
divide-by-2 prescaler translates
as a 250-kHz step for the 1024-
to 2048-MHz bands. Provision
has been made in the design of
the TG2000 for the addition of
an optional direct digital syn-
thesis (DDS) reference. The
DDS reference, which can re-
place the fixed crystal reference,
has the ability to select frequen-
cy with approximately 2-hertz
(Hz) resolution. This would per-
mit much finer steps for the
combined system with virtually
no loss in phase-noise perfor-
mance.

The MB1501 PLL

The Fujitsu MB1501 PLL IC is
the heart of the TG2000 gener-
ator. The block diagram of the
1501 is shown in Fig. 5. The
MBI150! incorporates a built in
serial interface for loading the
programmable reference divid-
er, two counter registers (A and
N), a high-speed, dual-modulus
divider (64/65 or 128/129), and
two phase/frequency detectors.
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FIG. 5—BLOCK DIAGRAM OF THE FUJITSU MB1501. This PLL chip is the heart of the

TG2000 generator.

The output frequency of the
VCO is determined by the integ-
ers loaded into the R, A and N
registers by the following for-
mula:

Jvco = (PN} +APf55c/R]

where P = 64 or 128

The TG2000 uses the dual-
modulus prescaler in the divide
by 64/65 mode, or P=64. The
VCO can oscillate only at fre-
quencies that are integer multi-
ples of the reference frequency,
Josc- The factor of two accounts
for the fixed divide-by-2 opera-
tion (done by an NEC584 pre-
scaler) that the VCO output
carries out before it reaches the
VCO input which has a max-
imum frequency of 1100 MHz
(refer to Fig. 4).

The MB1501s internal dual-
modulus prescaler is needed to
reduce the input frequency of
the VCO to the point where the
N and A counters can operate.
This dual-modulus ability over-
comes the effect of a fixed-mod-

ulus prescaler—step-size multi-
plication. For example, for a
fixed-modulus prescaler of 64,
the minimum step sizes would
be multiplied by 64. That would
translate to a 16-MHz step size
in the 1024 to 2048 MHz band
for the TG2000. The N/A coun-
ter in combination with the
dual-modulus divider avoids
this problem with the limitation
that N must always be greater
than or equal to A.

The restriction that N be
greater than or equal to A has
some not-so-obvious ramifica-
tions, such as placing limits on
frequency range versus refer-
ence frequency, as discussed
earlier. Essentially, for a given
reference frequency (fogc/R),
the generator is limited to a
minimum frequency that can
be synthesized while still
providing full coverage at mini-
mum step size. For P=64,
R=32, and f,5. =4 MHz, the
minimum frequency is 512
MHz. Since the generator has a

fixed divide-by-2 prescaler, that
results in 1024 MHz at the VCO.
Below that frequency, not all in-
teger multiples of the reference
frequency are possible due to
the N> =A restriction. In other
words, you could not sweep the
VCO frequency from 900 to
1024 MHz at step sizes of 250
kHz.

While all this might seem con-
fusing, a general rule is that if
you want a large step size for
improved phase noise, and
your PLL uses a dual-modulus
approach, the dual-modulus di-
vide ratio should be as small as
possible. ~

All fixed divide ratios, step
sizes, and prescalers are a
power or multiple of two. Other
numbers could be used, but
when it is time to compute A, N,
and band switching points for a
given output frequency, the
power/multiple-of-two rela-
tionships pay off.

Two phase/frequency detec-
tors are included with the
MB1501 PLL. The bipolar on-
chip charge pump permits a
minimum number external
components for the loop filter.
The differential phase-com-
parator outputs require an ex-
ternal charge pump, usually an
op-amp. In the TG2000, an ex-
ternal LM358A op-amp (ICl-a)
boosts the bipolar charge pump
voltage from O to 5 volts to —0.5
to 28 volts. In addition, the op-
amp and its associated feed-
back network acts as an active
loop filter. Polarity of the phase-
detector output can be inverted
by the PLL’s rc input. This in-
put is required to compensate
for op-amp inversions or VCOs
with a negative voltage-versus-
frequency slope.

The digital interface to the
MB1501 is serial—a block di-
agram of it is shown in Fig. 6.
Three lines are used; cLOCK,
DATA, and LoaD ENaBLE. Data is
clocked in serially, and after an
appropriate number of bits (de-
termined by what you are load-
ing) a LOAD ENABLE is sent. A 15-
bit word serves as the reference
divider, and a 19-bit word holds
both the A- and the N-count val-
ues. The C source code for the
routines that send the N-, A-,
and R-register values to the
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FIG. 6—MB1501 DIGITAL INTERFACE block diagram.

MB1501 are provided on the
Electronics Now BBS as part of
a file called TG2000.ZIP

Overall operation

As already discussed, the syn-
thesis technique used in the
TG2000 is successive division.
Every band except the one from

1024-2048 is the output of a
divide-by-2 divider. The com-
puter determines the band
being used and turns on the ap-
propriate dividers and a single
output amplifier path is acti-
vated; the other amplifiers are
turned off. Five paths cover the
4-2048 MHz band. The band
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FIG. 7—DIVIDER BLOCK DIAGRAM. The TG2000 uses a successive division tech-

nique for synthesis.

from 256 to 2048 is covered in
three paths, with each path
covering one octave. The band
from 4 to 256 MHz is covered
with two paths, each covering 3
octaves. A total of nine octaves
are covered in this fashion from
4 to 2048 MHz. The three octave
paths are possible due to the di-
vider used which has selectable
2/4/8 divide ratios available. See
the block diagram in Fig. 7.

The summed signal is passed
through a voltage-variable at-
tenuator (VVA) pin-diode array
{a Seimens BAR60), which can
be seen in Fig. 8 as D12. The
VVA corrects output power vari-
ations and provides variable
output power. An 8-bit DAC
controls the VVA. The signal
then passes through a final am-
plification stage and out to the
RF output connector. The VVA
requires a O- to 10-volt control
signal and bias voltage for prop-
er operation. The device has a
non-linear attenuation versus
control-voltage response. These
nonlinearities do not affect at-
tenuation control because the
computer uses a look-up table
to control it. '

DAC
AGC
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FIG. 8—THE SUMMED SIGNAL is passed through a voltage-variable attenuator pin-
diode array (D12), which corrects output power variations and provides variable
output power.
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The dividers are NEC584Gs, and the two di-
The two divide-by-2 dividers vide-by-2/4/8 dividers are
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NEC587Gs (see Figs. 9 and 10).
The first NEC548G (IC16) acts
as a prescaler, reducing the out-
put frequency of the VCO by
two. It becomes the 512-to0-1024
divider when this band ampli-
fier is switched on. This signal
is the split; one half is sent to
the PLL and the other half is
sent to the 512-t0-1024 path.
Splitting again occurs with half
going to the 512—1024 amplifier
and the other half to the
256-512 MHz divider. The out-
put the 256-512 MHz divider is
sent to the 256—-512 MHz ampli-
fier and the 32—-256 MHz 2/4/8
divider. The 4-32 MHz band is
handled by the last 2/4/8 divid-
er.

The VCO

Three different voltage-con-
trolled oscillators can be in-
stalled in the TG2000. The
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control signals. :

standard VCO is an ADC20010
made by Anadigics. The device
is actually both a VCO and

mixer combined in a single .

module, but just the VCO is
used here.

Power/frequency calibration

The combination DAC/VVA
automatically adjusts output
power so that it's flat within =2
dB over the 10 to 2000 MHz
band. The computer uses cal-
ibration data from the
TGCALO.DAT, TGCAL5.DAT,
and TGCAL10.DAT files, which
are sent to the DAC to linearize
power output. Those files repre-
sent 0dBm, —5dBm, and
—10dBm, respectively.

Readers will not be able to
achieve the same calibration ac-
curacy obtained with a factory-
assembled product; a slight
degradation will be seen be-
cause kit builders must depend
on generic calibration files.

Frequency accuracy is deter-
mined primarily by the 4-MHz
crystal TTL oscillator (OSC1 in
Fig. 11). The standard oscillator
is accurate to =50 ppm. More
accurate frequency references
improve the accuracy of the fre-
quency output.

External modulation inputs
FM and optional pulse-AM
modulation is obtained with
RCA jacks. The AC-coupled FM
input (J1 in Fig. 11) modulates
the VCO control point. Sen-
sitivity decreases as DC control
voltage increases. The max-
imum sensitivity is about

N OPTION is DC-coupled and accepts TTL

1V/100MHz. Both the amplitude
and frequency content must be
limited for this input to prevent
the PLL from breaking lock.
The AM pulse modulation op-
tion (see Fig. 12) is DC-coupled
and accepts TTL control sig-
nals. Maximum frequency of on/
off toggling is limited by the re-
sponse time of the amplifier
voltage supply. A TTL sync-
pulse output is available at RCA
jack (J5). The sync pulse is pro-
duced at the end of a sweep and
can be the external trigger for
an oscilloscope. A wide-band os-
cilloscope (or an RF detector
probe and a lower performing
scope) can display these fre-
quency response curves.

Digital interface

PC-bus and parallel-port in-
terfaces are supported (see Fig.
13). The PC-bus interface com-
prises an address/strobe de-
coder made up of a 74688 (1C20)
and two 74138s (IC18 and IC19).
The PC data bus is bidirec-
tionally buffered by the 74245
(IC21). Two eight-bit 74374
latches (IC9 and IC10) hold two
eight-bit PC-bus bytes for con-
trol of the TG2000.

The simpler parallel interface
has two octal 74244 buffers
(IC4 and IC5) and part of a hex
7404 inverter (IC6). The con-
nection to the parallel interface
is provided by header P2. A ca-
ble terminated with a 26-pin
IDC connector on one end and a
DB-25 on the other is all that's
needed to complete the inter-
face.

When the TG2000 is con-
nected to the parallel interface
and external to the host PC, an
external source of power is
needed. A supply of +5voltsat1
ampere, +12 volts at 0.5 am-
pere, and —12 volts at 0.1 am-
pere is recommended.

The remainder of the digital
interface is made up of the 16-
bit serial-to-parallel control reg-
ister and the 8-bit serial-to-par-
allel converter for the DAC. The
16-bit control register switches
the various dividers and RF am-
plifiers for the different bands
on and off. Two 74164s (IC27 in
Fig. 14 and IC28 in Fig. 12) con-
vert a serial data stream to 16-
bit parallel words for the control
register. Two UNL2803A open-
collector octal buffers (IC25 and
IC26) provide the control volt-
ages or currents needed for
proper switching. Transistors
Q1 to Q7 and Q9 and Q10 pro-
vide additional level and buffer
current for the +5- and +12-
volt switching. Transistor Q8 is
not used so it is jumpered
across its emitter and collector.

A 74164 (IC8) provides the se-
rial-to-parallel conversion for
the 8-bit DAC (IC7). The 8-bit
DAC provides a O- to 10-volt con-
trol signal to the VVA for AGC
purposes, as already discussed.

An MC34063A +12- to 28-
volt converter (IC3) provides the
higher voltage needed to drive
the VCO across its full range
(see Fig. 15). It is essentially a
small switching power supply
capable of delivering a few milli-
amperes at 28 volts. The — 1-volt
bias for the LM358A (ICl-a) is
derived from a voltage divider
across or connected to the —12-
volt supply. This bias allows the
LM358A to operate at or near
ground potential.

Software
Two programs provide soft-
ware support for the TG2000.
Version 4.0 of the Series-800
spectrum analyzers provides
the tracking-generator ca-
pability. A separate DOS-based
program called TG2000.EXE
operates the TG2000 as a gener-
al-purpose signal generator.
Only the TG2000.EXE software
will be discussed here. It is
Continued on page 88
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FIG. 14—TWO 74164s (IC27 AND IC28) convert a serial data stream to 16-bit parallel

words for the control register.
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FIG. 15—THE MC34063A +12- TO 28-VOLT CONVERTER provides the higher voltage
needed to drive the VCO across its full range.

available on the Electronics
Now BBS, as part of a ZIP file
called TG2000.ZIP.

The TG2000.EXE program
contains a menu that allows the
user to configure and control
the generator. A complete user
manual is also contained in the
TG2000.ZIP file, so only the
highlights will be covered here.

Before using the TG2000 soft-
ware, you must choose the in-
terface, and possibly the ad-
dress where the generator will
reside on the PC bus. Select the
SETUP item from the main
menu to configure the software
for the chosen address/inter-
face. The setup information is
stored in a configuration.

Once the setup operation is
complete, you can select either
linear or log sweeps and the
modulation function. The lin-
ear sweep has a constant step
size for the entire band of the
instrument. The log sweep in-
creases its step size by a factor
of two every time it crosses a
band boundary. Both sweep
functions sweep from a user-de-

ORDERING INFORMATION

"Note: The following items are avail-
able from DKD Instruments, 1406 Par-
khurst St., Simi Valley, CA 93065.
(805) 581-5771:
® TG2000 kit—$775.00
® TG2000 assembled and tested—
$1100.00

fined starting frequency to a
user-defined stopping frequen-
cy. Sweep rate can be controlled
by the DELAY entry.

The other modulation func-
tion is a frequency toggle. Two
user-defined frequencies are to-
ggled back and forth at a user-
defined rate controlled by DE-
LAY. This function can simulate
FSK modulation, commonly
used for digital data transmis-
sion.

Three diagnostic functions
are available: Blink, Bitroll, and
DAC Ramp. Blink will verify in-
terface operation by toggling all
output lines at a 1-Hz rate.
Bitroll will debug the 16-bit con-
trol register. An alternating pat-
tern of ones and zeros is sent to
the 74164s. This results in a
square wave at each control bit.
DAC Ramp commands the DAC
to produce a ramp voltage that
will permit any missing codes to
be spotted with a scope.

Next month's article will cover
the building and and test of the
TG2000. Q

“YOUR FREE
CATALOG
KNOCKED MY
SOCKS OFF"

We get that sort of comment all
the time. People are impressed
that our free Consumer
Information Catalog lists so
many free and low-cost
government bookiets. There are
more than 200 in all, containing
a wealth of valuable information.

Our free Catalog will very likely
impress you, too. But first you
have to get it. Just send your
name and address to:

Consumer Information Center
Department KO
Pueblo,

Colorado
81009

A public service of this publication and
the Consumer Information Center of the
U. S. General Services Administration
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