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Some interesting articles again including two approaches to PLL oscillators. The first
uses a CPLD to provide the control logic, the second uses a microprocessor.
Alexander Meier's microprocessor controlled PLL is still under development
unfortunately his latest version was not ready in time to include in this magazine.

After requests for articles on CD from various places, I have produced the first
compilation CD, see page 190 for details. [ took them to Freidrichshafen and sold
one, since then I have sold another four. From this sales rate I can only conclude that
there is not a big requirement for such CDs. I would appreciate any feedback about

future CD compilations.

73s - Andy

A
\* K M Publications, 63 Ringwood Road Luton, Beds, LU2 7BG, UK

Telephone / Fax +44 (0)1582 581051, email : andy@vhfcomm.co.uk

web : http://www.vhfcomm.co.uk
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Peter Arlt, DG4EAY

Simple PLL oscillator for
receivers with 45SMHz
intermediate frequency

To assemble a DIY receiver you need
(among other things) a stable VCO. It
is a bonus if this VCO is also easy to
copy, needs scarcely any SMD compo-
nents and is also affordable. A project
of this nature is described below.

This article describes a novel way to
implement a PLL using a CPLD
(Complex Programmable Logic Device).
The magazine “Funk” in Germany pub-
lished a series of articles on CPLDs in
issues 6, 7 and 8 2004, these are re-
ferred to by Peter. Unfortunately these
articles are in German, there are some
similar articles that 1 have found [4],
[5]. I have asked Peter if the full logic
diagram implemented by his CPLD pro-
gram is available, he does not want it
published but can be contacted if re-
quired. Peter can also supply pro-
grammed CPLDs, PCB layouts and de-
tails of a version using a shaft encoder
to set the frequency instead of thumb
switches, please contact me for further
information - Andy

1.
Introduction

Assembling a DIY short-wave receiver
(or any other receiver) is an interesting
task for a radio ham or an electronics
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engineer. The description that follows
does not cover a complete receiver, but
merely the tuning oscillator. The aim was
to develop a stable VCO that would be
easy to copy. The price of such an
oscillator is a factor that is just as
important as the amount of mechanical
work involved. It’s true that today it is
possible to assemble extremely stable
free-running oscillators. However, this
requires some expensive temperature
compensation, and some mechanical
knowledge is also required.

There are two main groups of oscillators
— free-running units, that can be tuned by
means of a variable capacitor (VFO) or
capacitance diodes (VCO) and PLL con-
trolled oscillators. The latter was chosen
since this system is easier to copy and
relatively low priced. The technical data
for the prototype can be found in Table 1.

The entire circuit fits easily onto a 40mm
x 100mm breadboard, but a special
printed circuit board was also developed.

Table 1: Technical data of PLL

Frequency 45,000.0 to 74,999.9MHz

range

Resolution 100Hz

Settling time <lsec

Output approximately +8dB
Supply 20v / 70mA, 5v / 150mA
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Fig 1: Picture of
the completed PLL
oscillator showing
the CPLD chip.

The PCB and component layout are
shown in Figs 7, 8 and 9.

Note: It should be clear that this rela-
tively simple oscillator, it was not de-
signed for high-end receivers. It is easily
stable enough for simple short-wave re-
ceivers with SSB and CW, but not for
bandwidths smaller than 100Hz. No data
was measured regarding phase jitter or
similar because the equipment required
was not available.

2.
Description

There are two affordable, state of the art
options available. The first is to use a
DDS, this was ruled out for various
reasons:

e case of copying; the components are
in an SMD package with a pin
spacing of 1/40 inch or less; this calls
for suitable tools, good motor skills
and “eyes like a hawk™; so errors are
bound to happen with the assembly

e DDS components always need a
micro-controller with appropriate
programming in order to function.

My intention was to remain within the
1/10 of an inch pitch (2.54mm) and to
dispense with any standard language pro-
gramming. Another objective behind my
approach was to avoid the complex fre-
quency spectrum when a micro- control-
ler is to be used. This either requires
expensive shielding or can lead to con-
siderable radiation into the receiver.

The second option is the discrete assem-
bly of a PLL using logic modules. How-
ever, in order to avoid the extensive
wiring which is required for many com-
ponents, I selected a so-called CPLD;
these are complex logical circuits with up
to 5,000 gates on one chip. The basic
facts about these components have been
published in the relevant electronics
magazines [6], so if you want to go into
the subject further, that’s the place to
look.

Many of these CPLD modules can be
supplied in PLCC packages with 44, 68
or 84 pins. Then again, there are suitable
versions within the 1/10 of an inch pitch
pins, which is important for ease of
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Fig 2: Block diagram of the digital section of the PLL oscillator.

copying. Components from Altera [1]
were chosen, but there are many other
manufacturers of similar components.
The big disadvantage is the fact that the
components are incompatible with one
another. It is unfortunately not possible
to replace, for example, a chip from
Altera by a chip from Xilinx, although
they offer the same range of functions
and can also work with the same pro-
gram.

The modules can be “programmed” in
two ways: the first option uses a standard
language such as VHDL, AHDL etc. The
second (which is a lot simpler) uses a
wiring diagram editor. Altera has an
extremely comprehensive TTL library,
which is freely available.

Anyone familiar with the 74xxx / 54xxx
TTL range (now “well advanced in
years”) can very easily set up his/her own
“personal” logic circuit, which is pre-
cisely what happened here.

An EPM30664ALC44-10 CPLD was
used. This is a chip in a 44 pin PLCC
housing with a 3.3 Volt operating voltage
and space for 34 1/O pins, together with
64 macrocells (Fig 1). The entire digital
section of the PLL was integrated in this
fashion. The current consumption for the
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module is less than 100mA.

The JTAG programmer interface should
be available, so that any program
changes in the operating circuit can be
enabled using the ISP (In System Pro-
gramming). In the present case, this
doesn’t necessarily apply, since the chip
is used to capacity and has exhausted its
options, but for other chips (and espe-
cially for relatively large chips) ISP is
very advantageous. In addition, many
companies use this option for updates via
the Internet.

3.
Circuit diagram of digital
section

3.1. Functions of CPLD

The following functional groups are ac-
commodated in the CPLD (Fig 2 ):

1. A 6 digit, divide by N, counter
2. ROM for conversion

3. Counter control

4. Reference frequency generator
5. Phase detector
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EC O~ =O 100KB
GND O= =O GND

Fig 3: Pin connections for the
thumbwheel switch connector.

Figs 3, 4 and 5 show design information
for the CPLD.

3.1.1 Divide by N counter
It consists of 6 74190 pre-set decimal

counters. These counters are connected in
series — i.e. the output from the first
counter is linked to the input of the
second counter, the output of the second
counter is linked to the input of the third
counter, etc.

Each of these counters has 4 BCD pre-set
inputs. This means that the counter can
be pre-set via these inputs to a specific
value within the range of 0 to 9 to
determine its count ratio. Thus, the entire
counter chain, we have ratios from deci-
mal 0 to 999999. This project only
requires the range from 450000 to
749999, the inputs of the counters with
the highest values are permanently pre-
set to 4, and the value 8 is set to 0, so that
only count ratios of 4 to 7 are possible.

Tuning is carried out using BCD coded
thumbwheel switches. Switches with an
active logic outputs of “1” should be

CHIP "PLL45" ASSIGNED TO AN: EPM3064ALC44-10

Pin Name/Usage: Location : Dir. : I/0 standard

GND+ 1
IN8IM 2 input LVTTL
VCCINT : 3 power
EA H input LVTTL
EOB H) input LVTTL
I100KD HY input LVTTL
TDI 0 7 input LVTTL
I10KC : 8 input LVTTL
ED ] input LVTTL
GND 10 gnd
I1MD 011 input LVTTL
EOC 1 12 input LVTTL
T™MS 1 13 input LVTTL
I100KC 1 14 input LVTTL
VCCIO : 15 power
EOD 1 16 input LVTTL
GND 117 : gnd
I10KA 1 18 input LVTTL
I1MC : 19 input LVTTL
RESERVED : 20
RESERVED : 21
GND 1 22 : gnd
VCCINT 23 : power
RESERVED : 24 :
EB : 25 input : LVTTL
I10KD 1 26 input LVTTL
T10MA 27 input LVTTL
I10KB 28 input : LVTTL
EOCA 29 input @ LVTTL
ND 30 nd :
I100KA 31 nput @ LVTTL
CK 32 input @ LVTTL
RP2 33 output : LVTTL
vP3 34 output : LVTTL
VvCCIo 35 power
GND : 36 nd H
I1MB 37 input @ LVTTL
TDO 38 output : LVTTL
I10MB ;39 input @ LVTTL
EC : 40 input @ LVTTL
I100KB : 41 input @ LVTTL
D : 42 nd :
Fin : 43 input © LVTTL
I1MA : 44 input : LVTTL

used.
AL o : user Assi Fig 4: Pin
. '0ltage ! H ser Assi 0
K Jassignments for the
: Ty Altera CPLD.
: 3.3v H
H HE 4
HE
HEA ¢
i N
HE 4
HE 4
Py
[ 4
I N
H HEA 4
: 3.3v H
: HI¢
Ty
HIA 4
P 3.3v :
Py
4
H 4
Y
HI ¢
Ty
‘N
3.3v :
Ty
I N
H 4
H 4
Y
ty
Y
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3.1.2 ROM for conversion

In order to obtain a setting and/or display
showing the correct frequency of
00,000.0 to 29,999.9MHz, a ROM must
be internally connected in series with the
counters with a conversion table that
converts the range of 00 to 29 into the
required range of 45 to 74.

One brief comment — this article is not
intended to be concerned with the com-
plex theory of phase locked oscillators.
For more detailed information on this
PLL circuit technology, look for special-
ist books [2] or search on the Internet.
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3.1.3 Counter control

The counter control connects the
counters together to produce the required
frequency of 100Hz for the phase detec-
tor. This signal is not easy to see on a
simple oscilloscope, since the rise time of
the pulse is only a few nanoseconds. It
can be checked using a frequency counter
as a frequency of 100Hz. This signal is
fed to the phase detector.

3.1.4 The reference frequency
generator

A quartz crystal oscillator of
8,192.000MHz was used as the reference
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frequency generator. An “even” fre-
quency of, for example, IMHz or 10MHz
was not used, in order to avoid any
unnecessary radiation into the receiver
input. This would mean that signals of
IMHz, 100kHz, 10kHz etc. would be
generated in the counters. These signals
would generate spurii, due to the fast rise
time of the pluses, which would be
audible in the receiver at the correspond-
ing interval, and would, in certain cir-
cumstances blank any signal input.

The reference frequency of
8,192.000MHz is divided down to 100Hz
through a multi-stage counter chain, con-
sisting of three counters: divide by 16,
divide by 2, and divide by 10. This gives

the required division of 81,920 and thus
an output frequency of 100Hz. This
100Hz signal is likewise fed to the phase
detector.

3.1.5 The phase detector

The phase detector compares the signals
from the reference frequency generator
and the counter control to generate a
pulse trains, depending on the discrep-
ancy. These pulses are converted into a
voltage for the VCO in the loop filter
described later. The phase detector used
here is actually a phase/frequency detec-
tor. This means that both the phases and
the frequencies of both input signals are
compared and evaluated.

0000O0O0O0OOOOO
?00000000000

k! 38

DG 4

0000000000
0000000000

1|Fig 8: Top side of
PCB for PLL
oscillator.

0O 0 0 0 0 o
o 0 o0 o

EAY 001
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Fig 9: Component
layout for PLL
oscillator.

e DG 4 EAY 001
IJ; BCO-Eingéings |
4. range is approximately 40 to 80MHz,
. s 3. with a tuning voltage of 1 to 17 volts.
Cll‘.cu1t diagram of PLL The output is approximately +10dBm to
oscillator 50 ohms. This VCO has the ideal fre-

The circuit diagram of the PLL oscillator,
including the CPLD and BCD coding
switches, is shown in Fig 6.

4.1. Analogue section

The analogue section consists of two
functions, the VCO and the loop filter.

4.2. Loop filter

The task of the loop filter is to generate
the tuning voltage for the VCO from the
“V” and “R” pulses from the phase
detector. The loop filter used was de-
signed empirically and can undoubtedly
still be further optimised. One problem is
the relationship between the frequency
switching speed and adequate suppres-
sion of the phase pulse. An active filter
using an operational amplifier is used. A
passive filter would not be adequate for
the voltage swing required for the VCO
of approximately 11 volts.

4.3. The VCO

An industrially manufactured VCO from
MiniCircuits is used. The frequency

quency range, high free-running stability,
only slightly temperature dependent, to-
gether with a good phase jitter perform-
ance.

No doubt it would also be possible to
build a DIY version of such a VCO, with
similarly good parameters, but undoubt-
edly not with the favourable price /
output ratio. I used a type POS75 in a
plug-in housing, which costs about 20
Euros, one off. The supply voltage of the
VCO is 12 to 15V max.

In order to avoid any loading effects on
the VCO, the RF output of the VCO is
fed to a power splitter. The RF signal is
split into 2 outputs. One output is termi-
nated at 50 ohms and feed the CPLD via
a TTL converter. The other output goes
to the receiver mixer, which must have
an input resistance of 50 ohms. This
power splitter does perform correctly
unless it is terminated at 50 ohms. A PSC
2-1 splitter from Mini Circuits was used

[3].

4.4. Power supply

Four controlled voltages are needed, and
it makes sense not to generate them all
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Fig 10: Picture of
completed PLL
oscillator showing
the thumbwheel
switches.

from a single basic voltage.

+ 16V, with as high a degree of stability
as possible, is required for the opera-
tional amplifier in the loop filter. This
voltage must be extremely stable, since
any changes would have an immediate
effect on the frequency, which again
would lead to readjustment of the PLL.
You must bear in mind how big (or
preferably small) the voltage change in
the tuning voltage is for a frequency
change of 100Hz. With a total tuning
range of 35MHz and a tuning interval of
100Hz, there will be a tuning voltage of
11/350,000 or approximately 30uV! And
then, imagine a ripple voltage of only
ImV on the tuning voltage.

A second voltage of approximately 12 to
15 volts is needed for the VCO.

These two voltages can be generated
from one voltage of approximately 20V,
either from a power supply or else from a
5/24 V voltage transformer. Two
LM317L’s regulators are used with po-
tentiometers for adjustment. Before con-
necting to the power supplies, first set

138

and check the voltages.

The quartz crystal oscillator requires +5V
at approximately 40mA.

The fourth supply voltage for the CPLD
(3.3 volts) can be generated from the
+5V supply. One LM317L is quite suffi-
cient as a voltage regulator. The voltage
is set using fixed resistors.

As already mentioned, the +5 volt supply
should not be generated from the +20
volt supply. The power loss would be too
great, generating too much heat. This
would be very detrimental to the fre-
quency stability of the oscillators.

S.
Developments

As already noted, the chip used is pretty
well used to capacity, which, above all,
affects the number of macrocells. Subse-
quent changes are almost impossible, as
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this would change the pin occupancy,
which is in a specific relationship to the
macrocells.

For relatively large CPLDs, it is possible,
for example, to integrate a digital fre-
quency display or a rotary encoder to
provide the frequency input.

The basic point to make is that we should
not believe that an “open air oscillator”
can be used in a PLL and the PLL will
just regulate it. True, this is correct in
principle, but the continuous readjust-
ment of the PLL would generate a very
high degree of phase jitter, which would
have the direct effect on receiving weak
signals in a receiver. This behaviour is
even more serious for a transmitter. I
recommend that this circuit should not be
used for a transceiver! For that there
would have to be monitoring of the loop,
i.e. a lock-detect circuit would have to be
used, which would make it absolutely
certain that the transmitter could not be
operated with a loop that was not locked.

6.
Appendix

6.1. The parts list

Semiconductors:

1 x EPM 3064LC44, (CPLD)

1 x 7805, 5V, fixed voltage regulator

3 x LM317L, variable voltage regulator
1 x CA3140, OP-Amp

1 x 2N2369, NPN trans.

Resistors:
2x 180
240
390
1x 1k

Trimmers
1x 100
2x 5k

Resistor arrays:
1 x 4k (6 units)
2 x 47k (8 units)

Capacitors:

1 x  10uF, electrolytic capacitor, 16V
1 x  1.5uF, electrolytic capacitor, 16V
2x 1yF, foil

15 x 100nF, ceramic, 35V

4 x 1InF, ceramic, 35V

Special components:

1 x POS 75, VCO

1 x PSC 2-1, RF power splitter
1 x VCX08,192MHz,

6 x BCD switch

1 x JTAG port

1 x SMA socket

7.
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Wolfgang Schneider, DJSES

Low power radio frequency
wattmeter (dBm) using an AD

8362 detector

Although widely available, “useable”
low power wattmeters for the mW
range are still expensive. Whether it's
a second-hand instrument from the
surplus market or a new piece of
equipment, you still normally need to
pay a rather large three figure sum.

Fortunately there is the option of as-
sembling a suitable measuring instru-
ment yourself, with the help of modern
integrated circuits such as the AD 8362
True-Power detector, in combination
with a standard LCD voltmeter mod-
ule. The readings obtained from such
equipment are in no way inferior to
those from commercial products.

1.
General

in a frequency range going from 1MHz
to more than 8GHz. They are normally
used for regulating the transmit power in
such systems.

2.
Parameters of AD 8362

Analog Devices has developed the AD
8362 module for measuring power over a
wide frequency and power range. Thanks
to special internal compensation meas-
ures, it can also be used over a wide
temperature range.

The IC forms part of a whole family of
power detectors which were originally
developed for the ranges covering mobile
telephones, the broadband distribution
network and wireless-LAN applications
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According to the manufacturer's specifi-
cations, the AD 8362 detector displays
entirely linear behaviour over a very
wide frequency range, going up as far as
2.7GHz. Our own measurements confirm
the good characteristics of this integrated
module, though natural resonances and
other non-linearities, caused by the as-
sembly, are visible in Fig. 6. These result
from the circuit design selected, the
construction used and from the circuit
layout.

According to the data sheet, the best
results are obtained with a 1:4 balun at
the input. The circuit suggested here
displays certain irregularities in the fre-
quency response, so it cannot be used for
frequencies below 10MHz and falls off
above 1.9GHz by 1dB or more.

If all the advantages and disadvantages
listed above are taken into account, and
in view of the planned use of this
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Fig 1: Photograph
of the prototype
wattmeter showing
the measuring head
and the display
unit.

equipment as a radio-frequency low
power wattmeter for amateur radio use,
assembly for frequencies from 1MHz up
to 1,000MHz is favoured. The prototype
circuit proposed in this article is laid out
accordingly.

3.
Circuit description

The core of the measuring head (Fig 3) is
the AD 8362 True-Power detector (IC1).
The external wiring required for this

module is essentially restricted to a few
blocking capacitors (C2 to C6) and the
input matching required by R4 (100
Ohms).

The 16dB input attenuator is used to
establish the measurable input power
range between -40dBm and +23dBm.
This range of values can vary slightly,
depending on the component tolerances.
Thus, for example, our prototype (Fig. 1)
displays power levels of between -
37dBm (0.5pW) and +27dBm (500mW).

A display unit for dBm can be made very
simply using a ready-made LCD voltme-
ter module. The output voltage of the

Fig 2: Frequency
response in dB up

10,0
0,0 1
100
@ 20,0 —+1
-30,0
400
50,0 - O
o o o o o o o
- o o o o o o
-— N @ < [T2] ©
Frequency

to 1000MHz.

700
800
900 1
1000
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Fig 3: Circuit diagram of the measuring head using an AD8362.

measuring head is matched to the input
voltage range of the LCD module (-
200mV to +200mV) using an OP90P
operational amplifier (IC1) with a down-
stream voltage divider. The amplification
can be adjusted precisely by means of the
20kOhm precision trimmer (R6).

The offset voltage required (here ap-
proximately 40mV) for the zero point
adjustment is obtained using a diode
(potential difference 0.7V) connected to
the trimming potentiometer, R7
(5kOhm).

The circuit for the display unit assembly
(Fig 7) is operated directly from 9V (e.g.
9V battery). The 5V voltage regulator,
IC2 (78L05) serves to generate the refer-

ence voltage for the zero point calibration
and the operation of the measuring head.

4.
Assembly instructions

The actual measurement detector is as-
sembled on a 34mm x 34mm double-
sided copper-coated epoxy printed circuit
board, DJSES 068 (Fig 8).

Only SMD components can be consid-
ered because of their RF characteristics.
They are all mounted on the topside of
the board (Fig 9), while the underside

Fig 4: The output
characteristic of
the measuring head
from -40dBm to
+20dBm.

40 -35 -30 26 -20 15 10 -5 O

Input (dBm)

10 15 20
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serves only as an earthing surface. Low
inductance earth connections are made
using feedthroughs at the relevant points.

A suitable tool should be used for mount-
ing the SMD components such as a
soldering iron with a fine tip, and 0.5mm
solder. It pretty much goes without say-
ing that the soldered points must be
“clean”.

The assembly can be incorporated in an
appropriate housing, depending on peo-
ple's individual wishes (e.g. from Mini-
Circuits). The board must be cut to the
required size before the components are
mounted.

The electronics required for the display
unit are assembled on a 52mm x 34mm
single-sided copper-coated epoxy board,
DJSES 069 (Fig 11).

In contrast to the detector, only wired
components are used here (Fig 12). The
components are mounted in no particular
order.

4.1. Detector parts list

IC1 ADB8362, Detector, SMD

C1- C4 22 nF, ceramic capacitor, SMD
0805

C5 1 nF, ceramic capacitor, SMD
0805

dB

250
500
750

1000 |

1250

1500

1750

Frequency

o
o
o
N

Fig 6: Some non-
linearity is caused
by resonances.

2250
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Measurement
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Fig 7: Circuit diagram of the display unit.

C6 0.1 uF/16 V, tantalum
electrolytic capacitor, SMD

R1, R3 68 Ohms, SMD 0805
R2 150 Ohms, SMD 0805

Fig 8: PCB layout of the measuring
head.
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R4 100 Ohms, SMD 0805
RS 3.3 Ohms, SMD 0805

1x printed circuit board DJSES 068
4.2. Reading display parts list

IC1 OP90P, Operational amplifier
IC2 78L05, Fixed voltage regulator

D1 1N4148, Diode

Resistors 0.25W, RM 10mm:
R1, R5 47 kOhms

R2 62 kOhms

R3 1 kOhms

R4 4.7 kOhms

Precision trimmer:
R7 5 kOhms, Model 64 W,
R6 20 kOhm, Model 64 W,

Cl 10uF/25V, tantalum, RM
2.5mm

C2 1uF/25V, tantalum, RM 2.5mm

C3-C5 10nF, ceramic capacitor, RM
2.5mm
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Fig 9: Component layout of the

measuring head

Fig 10: Picture of the completed
measuring head.

K1, K4 Pin-and-socket connector 2-pin
K2, K3 Soldering iron 1 mm

1 x printed circuit board DJSES 069

S.
Putting into operation and
calibration

The measuring head itself does not re-
quire any special calibration. Once it has
been put into operation, just check the
current consumption (approximately
22mA) and the presence of an output
signal. The output signal should display a

slope of approximately 50mV per dB of
input level. The characteristic curve in
Fig 4 shows the behaviour of the speci-
men set-up.

The current consumption for the display
assembly is only 4mA, or 26mA when
the measuring head is switched on, from
a 9V battery. An important point here is
that the LCD voltmeter module is oper-
ated from its own battery.

First, the offset voltage (zero point ad-
justment) is set using R7 (5kOhms) to
approximately 40mV. Then it's the turn
of the trimmer for the slope, R6
(20kOhms). It must be approximately in
the mid-position when the calibration

IC2
0B HE 5

C1
=8 = ke
[

c1
OP90P

=+ '[E]

Fig 11: PCB layout of the display unit.

O
0
Fig 12: Component layout of the

Ct
(0]
display unit.
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Fig 13: Picture of the completed
display unit.

Fig 14: Picture of the enclosure used
for the measuring head.

procedure begins.

The simplest way to calibrate the linear-
ity is to use a switchable attenuator of,
for example, 20dB. During the calibra-
tion procedure, the absolute value of the
reading displayed is of no importance. It
is only the difference between the two
test levels that is relevant.

Finally, the offset for the input signal is
precisely adjusted. The LCD display is
set to 0 for a test signal with a level of
0dBm.

and mV. As a special feature, an addi-
tional plug-in attenuator (e.g. a direc-
tional coupler or a series attenuator) can
be allowed for, operating in 0.1dB steps.
This new display unit will be described
here once the project has been success-
fully completed.

7.
Literature

6.
Outlook

The measuring instrument described
above makes a low power radio-fre-
quency wattmeter available (mW meter)
for the power range from < 1uW up to
500mW, though in this version the dis-
play is shown only in “dBm”.

Frank Peter Richter (DL5HAT) is cur-
rently working on a display unit with a 4
line LC display. This should make it
possible to display the readings from the
AD8362 measuring head in dBm, mW
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Prof. Gisbert Glasmachers

Non-linear distortions

A quality feature in demand almost
everywhere today is amplifier with
linear characteristics. It doesn't matter
if we're talking about audio or video
applications, the amplification of sen-
sor signals, A/D and D/A converters or
radio-frequency amplifiers, as techni-
cal progress advances the linearity has
to keep getting better and better. This
raises the question about which pa-
rameters most meaningfully describe
the residual non-linearity and which
measuring methods can be used to
measure them. This article gives a
summary of the various definitions of
non-linearity and the measuring meth-
ods used.

1.
Non-linearity and harmonics

A non-linear transmission characteristics
distorts a signal. The inter-relationship
can best be described in terms of the
spectrum.

A pure sine signal with the frequency £, is
applied at the input. In terms of the
spectrum, this consists of an individual
line (Fig 1, far left).

The amplified sinusoidal voltage, U,
appears at the output, and likewise at
frequency f,. But there are also additional
lines, U, at double the frequency, U, at

three times the frequency, etc. These
frequencies are described as harmonic
oscillations or as harmonics. They repre-
sent the distortions in the output signal.
Their amplitude decreases as the ampli-
fier becomes more linear. An absolutely
linear characteristic generates no har-
monics.

The amplitudes of harmonics usually
decrease as the ordinal number increases.
Thus the third harmonic (U,) is bigger
than the fifth (U;), which is bigger than
the seventh, and so on.

It is also typical of non-linear amplifiers
that the even-numbered harmonics have a
smaller amplitude than the adjacent odd-
numbered ones — e.g. U, < U,. This is
connected with the symmetry of the
amplification characteristic. The output
spectrum in Fig 1 shows this effect. In
principle, the spectrum contains an infi-
nite number of harmonics, but their am-
plitudes continuously decrease. At some
point, they disappear into noise, or they
can simply be ignored.

2.
Mathematical inter-relation-
ships

A linear characteristic is described by a
linear equation.
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Fig 1: Sine wave input and outputs from an amplifier.

Upur =4, %U (1]

where the term A4, represents the voltage
amplification A non-linear characteristic
is described by a power function:

Upor = A4 #U y + A, U + Uy +++- (2]

The series is infinite, but its members
become smaller and smaller as the expo-
nent becomes larger. For technical pur-
poses, it is often interrupted after the
third term. The first term represents the
linear amplification known from equation
[1], the second and all others describe the
curvature of the amplification character-
istic. On the assumption that the input
voltage is a pure sinusoidal voltage, at
the output we obtain:

Uppr = 4, %U y #sin(ax) + 4, U7 #sin® (@) + 4, #sin’(@r) -

[3]

If a sine function is squared, we obtain:

sin>(wt) = 0.5[1 — cos(2w1)] [4]
If the third power is formed, we find:
sin’ (ar) = 0.75sin(ax) — 0.25sin(er) [3]
It can be seen from equations [3] to [5]
that the values generated are always

integral multiples of the basic frequency,
i.e. 20 or 3w. This explains the harmon-
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ics in the spectrum.

Another important characteristic of har-
monics is that their amplitudes increase
in line with the input voltage. With this
in mind, let us initially look only at the
first term from equation [2]. In the
logarithmic representation, we obtain

Uour ldBV 1= 4,[aB 1+ U, [ay 116]
The second term from [2] becomes

Uy [dBV 1= 4,[aB T+ 2+ U, [aBv 1171

For the third term, we obtain

Upur [aBV 1= 4,[aB +3+U , [aBV ] [8]

If the three equations, [6] to [8], are
plotted on a logarithmic scale, we obtain
three straight lines with varying gradients
- see Fig 2.

A gradient of 1:1 applies for the linear
part of the characteristic line, 2:1 for the
square term, 3:1 for the cubic, etc. One
important result of the mathematical
analysis can be stated here:

e The harmonic oscillations arise at
twice, three times and four times the
sinusoidal oscillation frequency

e Their amplitudes increase on a loga-
rithmic plot with the double, triple
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1
A, U,[dBV]

Fig 2: Logarithmic plot of equations
[6] to [8].

and quadruple gradients.

We shall need these trends later, when
we come to evaluate the spectra.

3.
Total harmonic distortion

Total harmonic distortion (THD) is one
of the oldest definitions of non-linearity.
The equation for defining it is:

U +US+U%% +--
U21+U22+U23 +U24+---

THD[% = \/

[9]
We know that squared voltages, i.e.
power levels, are added together. The
total in the denominator includes all lines
that are indicated in the output spectrum
on the right in Fig 1. This corresponds to
the actual power of the output signal. All
harmonics, except for the fundamental,
U,, are represented in the numerator. So
only the power of the harmonics is

determined in this way. They alone are
responsible for the distortions. When the
roots have been worked out, THD de-
scribes the quotient of two voltages,
which is normally expressed as a percent-
age.

4.
Equipment for measuring total
harmonic distortion

To measure the total harmonic distortion,
we need a generator that produces a very
pure sinusoidal oscillation. This is ap-
plied at the amplifier input as the signal
source. The spectrum fractions of the
output signal can be measured in various
ways:

e Measurements using a spectrum ana-
lyser

e Measurements using an FFT analyser

e Measurements using filters and AC
voltmeters

A spectrum analyser is basically an ana-
logue measuring instrument that displays
a voltage as a spectrum. Unfortunately,
the price of such instruments is relatively
high, so that they are beyond the means
of most amateur radio enthusiasts.

An FFT analyser calculates the spectrum
following the A/D conversion on a purely
mathematical basis. Modern digital oscil-
loscopes usually also have a built-in FFT
function. But this is of only limited use
for measuring the total harmonic distor-
tion, because the resolution of digital
oscilloscopes - typically 8 or 10 bits - is
simply not good enough for measure-
ments of very good amplifiers.

The third measurement method can also

be used with simple measuring instru-
ments, provided you have high-quality
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f 3f, 5f 7f,

Fig 3: Output spectrum showing
amplifier and generator elements.

filters available. A notch filter can be
used to remove the fundamental from the
spectrum. The residual voltage, which
corresponds to the fraction from the
harmonics, should be measured using a
high-quality, wide-bandwidth AC volt-
meter. Analogue instruments are often
better than digital equipment for this
purpose. For the audio range, there are
also ready-made THD measuring instru-
ments on the market. But a spectrum
analyser is indispensable for higher fre-
quencies. The total harmonic distortion is
dependent on the output voltage and the
frequency. So a complete description is
not significant unless it is in the form of
a group of curves.

5.
Influence of sine generator

Generators that produce a perfect sinu-
soidal oscillation (in the mathematical
sense) cannot be manufactured. Every
oscillator generates harmonics. Unfortu-
nately, these are also on the same fre-
quencies that are generated by the non-
linear characteristics of the amplifier to
be measured.

So the measurement result (see Fig 3 for
the example of the third harmonic, U,)
contains a fraction, U, from the amplifier
and a fraction, U, trom the generator.
This is true for all harmonics. But the
two fractions cannot be separated by
measurement. So it is not possible to
measure the distortions of the amplifier
in the strict sense. In order to keep errors
of measurement small, we use generators
with a very low total harmonic distortion.
Such generators are available for audio
purposes. For the radio-frequency range,
we use another method of measurement.

16,7

O

O

1

Fig 4: Measurement using the two tone method.
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Fig 5: Spectrum showing outputs from
two tone generator.

Fig 6: Spectrum at the output of the
amplifier showing harmonics.

6.
The intermodulation method

Instead of a single generator, we use two
generators, G, and G,, with slightly dif-
ferent frequencies, f; and f,, which are fed
to the amplifier's input through a coupler.
The measuring rig can be seen in Fig 4.
The total harmonic distortion of the
generators has no influence on the meas-
urement results.

The coupler consists of three star con-
nected resistors suitable for radio-fre-
quency work (each 16.7 Ohms). Thus
there is an impedance of 50 Ohms at each
terminal, provided that the generators and
the amplifier are also adjusted to this
value. The input voltage, U,,, includes
the sums of the two generator voltages
and their harmonics. The associated spec-
trum, up to the third harmonic, can be
seen in Fig 5.

This spectrum is now transferred to the
output through the non-linear characteris-
tic of the amplifier. We must forego any
mathematical derivation here, and the
result is represented directly as a spec-
trum, up to the third harmonic.

The spectrum (Fig 6) contains the two

amplified input voltages at f, and f,,
together with a series of harmonic and
non-harmonic lines. This effect is known
as intermodulation. The harmonics are
once again located at integral multipliers
of the input frequencies, which here
means 2f,, 3f,, 2f,, 3f,. They come from
the generator and from the non- -linearity
of the characteristic line. They are there-
fore not suitable for an analysis. But
there are lines that are caused exclusively
by the amplifier's characteristic line. Ar-
rows in Fig 6 identify these intermodula-
tion products. We distinguish between
close range interference and long range
interference here.

The quadratic coefficient, 4,, in the char-
acteristic equation [3] creates intermodu-
lation products at f, ; and at f, .. These
lines are located at a 51gn1ﬁcant distance
from the two main lines, £, und f,, in the
spectrum, so we describe them as long
range interference. The cubic coefficient,

, also creates long range interference at
Zfl+ »and 2f,. , and also close range inter-
ference at 2f,pand at 2f, .

Close range interference lies within the
transmission band, while long range in-
terference should be outside it. So the
cubic terms should be seen as far more
critical than the quadratic ones. Field
effect transistors have a quadratic trans-
mission characteristic consequently cre-
ate only very slight close range interfer-
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Fig 7: Measuring SFDR.

€nce.

For analysis, there is a choice of lines.
Thus, we can measure the quadratic
distortions at f, , or at f, .. The result is
identical. Even ‘more choice is available
in relation to the analysis of the cubic
distortions.

7.
Spurious Free Dynamic Range
(SFDR)

This is an important criterion for describ-
ing an amplifier or converter. A dynamic
range, by definition, has an upper limit
and a lower limit.

Let us consider the output voltage of an
amplifier. Its lower limit is defined as the
point at which it has the same value as
the noise voltage. A more conservative
definition states that a signal is nonexist-
ent unless it is least 3dB above the noise.
This definition has been used as the basis
of the following calculations. In the
graphics and calculations below, the
lower limit always appears as “noise + 3
dB”. The different definitions of the
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SFDR can make a numerical difference
of approximately 2dB.

The upper limit is defined as the point at
U our v [dBV ]= U voise [dBV ]+ 3

which there is not a single harmonic
exceeding the noise voltage + 3dB.

In Fig 7, we now have outputs depicted,
instead of the voltages used up to now.
This corresponds to the normal represen-
tation of readings on a spectrum analyser.
However, Fig 7 would not differ in any
way from a diagram showing voltages. It
can be seen that, if the input voltage is
increased (starting from zero), the funda-
mental frequency initially emerges from
the noise with the amplification, 4,. This
defines the lower limit of the dynamic
range. If the input voltage is further
increased, the next harmonic to appear is
the second, 4,, followed by 4,. With the
appearance of the first harmonics (i.e. in
Fig 7 4,), the spurious free dynamic
range comes to an end. The SFDR can
then be read off from the graph in dB's.

8.
Problems in measuring the
spectrum

Spectral lines (so-called "peaks") are
visible only if they have a higher value
than the noise background of the ana-
lyser, P, .. . This is primarily
determined bglN/% e tesolution bandwidth.
The upper noise limit indicated in Fig 7,
Poiseip 18 defined as the noise back-
groundi of the amplifier, but not of the
analyser. Since in very many cases the
noise background of the analyser exceeds
that of the amplifier, it is really not
possible to measure the lower limit of the
dynamic range directly. In Fig 7 the
levels that cannot be measured are repre-
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Fig 8: Extrapolating SFDR.

sented by a dotted line. If the noise
power of the amplifier can not be meas-
ured directly using the analyser, either
we must turn to other methods of meas-
urement or we can calculate the noise
power at the output using the bandwidth,
B, of the amplifier, the amplification, V,
and the noise factor, NF, which is as-
sumed to be already known:

Pyose <3 [dBm |= =171 + v [dB ]+ 10 * log( B[Hz ]+ NF [dB ]
[10]

The next difficulty lies in the fact that it
is usually also not possible to directly
observe the emergence of the harmonics
from the noise, because the analyser's
noise level is too high. In this case, we
can help ourselves by extrapolating the
characteristic lines.

The procedure is clarified in Fig 8,
initially only for the quadratic intermodu-
lation products. At the input power, P,
both the fundamental, P,, and the second
harmonic, P,, can be measured at the
output. But the deciding factor is the
power P, because it defines the upper
limit of the dynamic range. It is calcu-
lated as

P, [dBm ]_ Pyorse +3 [dBm ]
2

P,[dBm ]= P,[aBm ]-

[11]

The procedure can also be applied in an
analogous way to the cubical intermodu-
lation products.

When specifying the measuring points,
you should not select power levels that
are too high. The essential rule is that at
higher power levels more and more har-
monics emerge from the upper noise
limit, these arise in accordance with their
ordinal number. Unfortunately, their fre-
quencies sometimes lie precisely on the
lines that are used for the evaluation of
the second and third harmonics. We must
therefore make sure that the measured
harmonics have the correct gradient,
namely 2:1 for quadratic intermodulation
products and 3:1 for cubic intermodula-
tion products.

9.
Signal to Noise and Distortion
(SINAD)

The signal to noise is generally used as
the quality standard for a transmission
system. The term is now expanded some-
what, in that we also add the distortions
to the noise:

SINAD [dB ]: Py [dBm ]’ (Pyorse + Prvremason )[dBm ]
[12]

The function initially increases as the
output rises, because the signal increases
and the noise remains constant. At higher
power levels, the noise is then pushed
into the background by the intermodula-
tion products, so that the SINAD falls
again.
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Fig 9: SINAD as a function of input.

Fig 10: The intercept point.

10.
Intercept Point (IP)

This refers to the virtual intercept points
of lines in the diagram of the harmonics
with the fundamental frequency. The
inter-relationship is made clearer in Fig
10.

The logarithmic graph with the gradients
of the fundamental frequency and the
first two harmonics is already known
from Fig 2. The intermodulation products
are measurable in the range of the ex-
tended lines. At higher power levels, as
already explained in Section 8, they are
covered up by terms of a higher order.
But the measurement curves can be ex-
trapolated upwards (dotted lines). Inter-
cept points then occur between the curves
of the harmonics and the fundamental
frequency. These are designated as IP,,
IP,, IP, etc.

The associated power level (or voltage)
can be indicated (see Fig 10, which uses
the example of IP,) either at the input as
P, or at the output as /P, ;. Nor-
mallfgl, as the level increases, [P, is
reached first, before IP,. So IP, repre-
sents the essential quality criterion. The
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intercept points lie far above the physi-
cally attainable levels. A numerical ex-
ample: an amplifier with a maximum
output of 10dBm can perfectly well
display an /P, of 30dBm. The two stand-
ards, SFDR and [P, have the same value
(from the pre-conditions). So one can be
converted into the other:

SFDR[dB]= %x (IP,y +171-10log B[Hz]- NF[dB)

[13]

11.
Evaluation

All definitions presented previously reg-
ister the non-linearity of amplifier char-
acteristics. However, there are consider-
able differences as regards their usability.

SFDR describes the distortion-free range
for a characteristic, starting from the
noise level. The noise can be reduced
through band restriction. Thus SFDR is
also dependent on the user. It is well
suited to the description of amplifiers that
are operated at low levels (something like
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distributing amplifiers or pre-amplifiers).
In this way, all readings for the determi-
nation of the SFDR can be obtained at
the lowest possible voltages. A/D and
D/A converters are also best evaluated
using SFDR.

The total harmonic distortion is usually
defined at the rated power of a system. In
principle, it takes in all harmonics. So it
is a good evaluation criterion for the
assessment of an amplifier at full power.

The intercept points describe the non-
linearity at low power levels far below
the operating limit, rather like SFDR. We
are talking of virtual intercept points
between the harmonics and the basic
frequency. Don't be deceived by the big

numbers. They don't say much about the
power levels that an amplifier can actu-
ally achieve. In particular, it is not possi-
ble to show the level of the second and
the third harmonics at medium and high
power from the lines of the IP diagram.
The readings for determining the inter-
cept points are identical with those for
the determination of the SFDR, but the
noise is not taken into account.

SINAD is comparable to the familiar
signal-to-noise ratio. It shows the maxi-
mum attainable interval between the sig-
nal and the combined complex of noise
and intermodulation products. It is very
well suited for the description of the
maximum signal-interference at high
power levels.

The UK Six Metre Group

www.uksmg.com

With over 700 members world-wide, the UK Six Metre Group is
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'Six News' and through its web site www.uksmg.com, is to provide
the best information available on all aspects of the band: including
DX news and reports, beacon news, propagation & technical articles,
six-metre equipment reviews, DXpedition news and technical arti-
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Why not join the UKSMG and give us a try? For more information
contact the secretary: Dave Toombs, GE8FXM, 1 Chalgrove, Halifax
Way, Welwyn Garden City AL7 2QJ, UK or visit the website.
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Alexander Meier, DG6RBP

Universal PLL oscillator module

This article describes a universal PLL
oscillator module that generates a
fixed frequency output signal between
2 and 7GHz, depending on the compo-
nents used. The frequency is stabilised
using a PLL. A micro-controller drives
the PLL making the module independ-
ent so that can be used anywhere.

1.

Introduction

There are numerous applications in
measuring technology for fixed fre-
quency oscillator modules. An example
is a 4GHz local oscillator can be used
with a mixer and a wideband 4 - 6GHz
oscillator to mix down to a frequency
range of 0.01 to 2GHz in a wobbler or
synthesiser. Local oscillators can also be
used in spectrum analysers to convert
intermediate frequencies.

The universal oscillator module pre-
sented here consists of a tunable oscilla-
tor (VCO) with an output amplifier, a
PLL circuit for frequency stabilisation, a
quartz oscillator as reference and a
micro-controller to drive the PLL.

Hittite [1] has numerous favourably
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priced VCO's in it’s catalogue, ranging
from 2 through to more than 7GHz,
nearly all of which, thanks to standard
housings and pin configuration, can be
mounted interchangeably on the printed
circuit board. In addition, due to the
maximum input frequency of the
ADF4107 PLL from Analog Devices [2],
the module can be used to generate fixed
frequencies of from 2 to 7GHz. A
20MHz quartz oscillator is used as refer-
ence frequency. A PLL oscillator module
can be created at a lower cost than LO
assemblies based on the multiplier princi-
ple.

2.

Circuit description

Fig 1 shows the circuit diagram of the
oscillator assembly. As an example, a
circuit for an HMC 391 VCO is dis-
cussed here. This can be tuned from
39GHz to 4.45GHz. But in practice
VCO's can be used slightly above or
below the specified frequency limits.

The 6dB splitter, consisting of R10 to
R12, splits the output signal
(approximately +1 to +5dBm) of the
MMIC VCO (U3) from Hittite. Part of
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the VCO output signal is amplified by
approximately 10dB using an MMIC
broadband amplifier (Gain Block U4),
and is fed out as the output signal. The
operating voltage is fed to the broadband
amplifier through an inductance (L1) and
the resistors (R13 and R24).

The second part of the VCO output
signal is fed to the PLL (U2). The
minimum input power required for the
PLL depends on the frequency. Accord-
ing to the data sheet [2], it should be at
least -5dBm. But normally the PLL is
satisfied with far less.

The resistance, R2, determines the maxi-
mum current from the charge pump (pin
2). The four pole loop filter is connected
to pin 2 and consists of C7 to C9, R3 and
R4. The limiting frequency has been
fixed at 1kHz with a 45° phase shift. The
most convenient way to determine these
values is with the help of the "ADI Sim
PLL" PLL simulation software. The soft-
ware can be obtained free of charge from
Analog Devices [3].

A voltage of approximately 0 to 3V is
generated at pin 1 of the operational
amplifier (U6), which is proportional to
the frequency deviation. This voltage is
amplified by U6, so that the VCO can be
tuned over its tuning range (V.. ) from 0
to 10V.

Tune

After switch on, the PLL is programmed
in a single operation, using the Atmel
micro-controller AT Tiny 15L [4]. The
module can thus be used independently,
since the PLL does not have to be
externally driven. The advantages of this
micro-controller, apart from the compact
construction (SMD housing, 8 pins), are
the integrated oscillator and reset genera-
tor, which considerably simplify the ex-
ternal wiring. The software for the PLL
has been programmed in Assembler and
is stored in the controller’s non-volatile
memory. LED (D1) signals that the PLL
is correctly locked.
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The 20MHz reference oscillator consists
of a simple Colpitts circuit (Q4). The
exact frequency of the quartz oscillator
can be tuned with a trimming capacitor
(C28). The quartz oscillator is followed
by an amplifier stage (Q3) to raise the
voltage of the reference signal to ap-
proximately 1V .

The power supply required for the mod-
ule is 15V (£5%). The circuit is protected
against battery reversal with a diode
(D2). An adjustable voltage regulator
(U5) generates the supply voltage re-
quired for the VCO and the PLL (3V).
Only the broadband amplifier is powered
directly from the 15V supply voltage.

3.
Alterations for other output
frequencies

The following steps must be taken to
alter the oscillator module for another
output frequency:

1. Select a suitable VCO from Table 1.
The corresponding data sheets can be
found on the website of the manufacturer

[1].

2. For an output frequency exceeding
4.5GHz, you are recommended to use
different broadband amplifier, e.g. the
ERA-2. The multiplier resistors R13 and
R24 should be altered in this (R13, R24:
150 Ohms for ERA-2).

3. Change the software in the micro-
controller (U1) for the desired output
frequency.

4. The loop filter should be checked for
the desired VCO and optimised, if re-
quired. Simulation software should be
used for this [3].
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Fig 2: Bottom side of PCB for
universal pll oscillator

Fig 3: Top side of PCB for universal
pll oscillator.

4.
Assembly

The layout for the 71mm x 53mm printed
circuit board is shown in Fig 2 & 3, and
the component layout in Fig 4. The earth
surfaces underneath the VCO and for the
broadband amplifier must be made using
through plating. We must advise against
the use of self-etched printed circuit
boards using compression rivets here!

To assemble the PLL oscillator assembly
successfully, unfortunately expensive
soldering equipment for the VCO is
required. The tiny VCO is located in a
housing measuring just 4 x 4mm with no
connecting wires! The connection to the
printed circuit board is provided through
small soldering surfaces on the underside
(1) of the component. These housings are
being used more often for RF compo-
nents because their RF characteristics are
better. To mount the components, use a

stencil to put some solder paste on the
printed circuit board. Position the compo-
nent and melt it on using hot air or (even
better) a Reflow soldering unit. Unfortu-
nately, it is just not possible to use a
soldering iron. The VCO mounted on the
printed circuit board can be seen in Fig 5.

Table 1: Hittite range of VCOs

VCO Frequency Output
in GHz in dBm
HMC 384 2.05-2.25 3.5
HMC 385 2.25-25 4.5
HMC 386 2.6-28 5
HMC 388 3.15-34 4.9
HMC 389 3.35-3.55 4.7
HMC 390 3.55-3.90 4.7
HMC 391 3.9 -4.45 5
HMC 429 4.45 4
HMC 430 50-55 2
HMC 431 5.5-6.1 2
HMC 466 6.1 -6.72 4.5
HMC 505 6.8-74 11
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Fig 4: Component
layout of universal

R24

R13

pll oscillator.

Once the VCO has been mounted, the
PLL (U2) is next. Like all other SMD
components, this one can still be sol-
dered, using a soldering iron with a fine
tip, although the Reflow soldering proc-
ess can be used. Then all the other
components are mounted, in no particular
order.

A fully assembled module can be seen in
Fig 6. Andy: It is revision 0 of this
project, Alexander is working on revision
1 that will be available soon. The im-
provements included in rev. 1 will be:

e An external Reference can be used

e Less noise due to a better low noise

] 2 6 IE:::IDGT.; - 6
Fig 5: The VCO is small (4 x 4mm).
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e Less noise due to a better power
supply

e More power due to a gain block in
sot-89 case

o Much cleaner spectrum due to im-
proved pcb layout

e [SP Programming of the uController
e The pll oscillator can be controlled

optionally by a external controller
circuit.

Revision 1 will be included in the new
RSGB book - Microwave Projects 2 - that
I am editing, due out in late 2005.

5.
Parts list

R10-R12 18 Ohms, 1206

47 Ohms, 1206

51 Ohms, 1206

82 Ohms, 2512 (see
Text)

R3, R15, R23 240 Ohms, 1206

RI18 270 Ohms, 1206
R22 330 Ohms, 1206
R14 470 Ohms, 1206
R7, R19 1 kOhms, 1206
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2.7 kOhms, 1206
R17 3.9 kOhms, 1206
R9 4.7 kOhms, 1206
R2 5.1 kOhms, 1206
R16 5.6 kOhms, 1206
RS 10 kOhms, 1206
R6 39 kOhms, 1206
R8 150 kOhms, 1206
C27 18pF, 0805
C22 33pF, 0805
C2, C3, C13-C16, C18

100pF, 0805
C25,C26  220pF, 0805
C21, C23 1nF, 0805
C10 2.2nF, 0805
C7 47nF, MKS-2-5
C1,C4,C5,09,C12,
C19,C20,C24,C30,
C31,C33,C34 100nF 0805
C8 1.5uF, MKS-2-5

Ce6, C11, C17 4.7uF / 35V, SMD

Electrolytic capacitor

C32 10uF / 35V, SMD
Tantalum

C29 100pF / 63V, Electrolytic
capacitor

C18 3-10pF Trimmer, SMD

C35 Feedthrough capacitor,
InF

L1 10puH SIMID 1210

D1 LED 3mm green

D2
D3

Q1
Q3, Q4
X1

Fig 6: Completed
universal pll
oscillator.

DL4001
LED green, 1206

BC 847C
BFS 17W

20MHz, HC49 SMD, CL
=16 pf

AT Tiny 15L, SMD, pro-
grammed

ADA4107, BRU

VCO, seeTable 1

ERA-5 (see Text)

LM 317L, SMD

LM 321, SMD

2 hole SMA flanged bush
DGO6RBP PLL oscillator PCB

1 55 x 74 x 30mm tinplate housing

6.

Calibration

Once the unit has been fully assembled, a
functional test should take place. The
module's output is connected to a spec-
trum analyser and the supply voltage is

applied.

The current consumption of the

module should be approximately 150mA.
The LED (D1) should light immediately
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Fig 7: The output
spectrum at
4.5GHz.
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showing that the signal from the PLL is
locked. A corresponding signal at the
programmed output frequency can be
measured using the spectrum analyser.
Depending on the components (VCO,
broadband amplifier), the output power
will be approximately +5 to +10dBm.

Finally, connect the module to a fre-
quency counter. The precise adjustment
of the output frequency requires the use
of the trimming capacitor (C28). If appli-
cable, the capacitor (C27) can be ad-
justed a little towards the coarse setting
for this purpose. The oscillator module is
now ready for operation.

7.
Measurements

The LO module used for the measure-
ments was built in accordance with the
circuit diagram (Fig 1) and programmed
for an output frequency of 4.5GHz. The
output spectrum is shown in Fig 7.
Spurious readings are suppressed by ap-
proximately 60dB. The second harmonic
is suppressed by approximately 20dB.
There is an option for suppressing har-
monics even further, using an additional
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low-pass filter. For example, the low-
pass filters in the VLF series (Fig 8) from
Mini-Circuits [5], are very suitable for
this work, being very small, favourably
priced and fitted with SMA connectors.

The phase jitter measurement can be seen
in Fig 9. It is composed of elements from
the VCO, the PLL, the loop filter, the
reference frequency and the voltage sup-
ply! Above the limiting frequency of the
loop filter (1kHz), the phase jitter from
the VCO and the associated operational
voltage is dominant. The phase jitter
results for the oscillator module are cer-
tainly inferior to those for a multiplier
LO, but they are more than sufficient for
many applications in measuring technol-
ogy but not for transverters!

Fig 8: VLF low pass filter from Mini
Circuits.
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Fig 9: Phase jitter
L measurement of
oscillator at
2 4.5GHz.
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8. [3] ADI SimPLL, Analog Devices,
Literature Download from www.analog.com

[1] Hittite Microwave Corporation, 20
Alpha Rd., Chelmsford, MA 01824,
USA, www.hittite.com

[2] ADF4107 data sheet, Analog De-
vices, One Technology Way, Norwood,
MA 02062-9106, USA

[4] AT Tiny 15L data sheet, Atmel
Corporation, 2325 Orchard Parkway, San
Jose, CA 95131, USA

[5] VLF series low-pass filters, Mini-
Circuits, Brooklyn, NY 11235, USA
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Gunthard Kraus, DGS8GB

Practical project: Stripline low
pass filters for various frequency

ranges

Part 2, continued from issue 1/2005

3.6
A 110MHz n=7 low pass filter

When something works too well, people
get cocky. And that's why the next
project had to be a 110MHz low-pass
filter with a considerably steeper transi-
tion from the pass band to the stop band.
Such a characteristic is very useful, espe-
cially to suppress the total harmonic
distortion in signal generators or to im-
prove the suppression of the image fre-
quency suppression in receivers. But this
should not increase the ripple effect in
the pass band, the maximum ripple
should not exceed 0.1dB. It would also
be nice if the reductions of attenuation in
the stop band above 1GHz could be
reduced or eliminated.

Naturally, the filter program was used
again, 3 inductors and 4 capacitors were
needed for the basic circuit, with a degree
of filtration of n = 7. This can still easily
be accommodated in the standard alu-
minium housing. The calculated result
from “fds” can be seen in Fig 23 and the
designing of a new printed circuit board
in Fig 24. 1 haven't included a photo of
the completed filter, since only one coil
and an SMD capacitor were used at this
stage.
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A simulation was carried out for all new
components: a coil, a capacitor, two 4mm
long 50Q striplines, and two additional
open-end extensions. These are the start-
ing point for working with PUFF that can
easily be recognised in Fig 25.

One rather unpleasant factor is the fact
that at 100nH the inductors required still
deviate markedly from their specifica-
tion. As indicated by a brief simulation,
naively using such 100nH coils leads
immediately to a ripple effect exceeding
0.5dB in the pass band (The demands on
the precision of components simply in-
crease in line with the degree of filtra-
tion; try it out yourself, please do!). So
adjustable inductors, available from NE-
OSID, were chosen. These have cap
cores for frequencies of up to 200MHz.
Their base is 7.5mm x 7.5mm and the
housing is 10mm high so they can be
fitted into the aluminium housing verti-
cally or horizontally. An additional ad-
vantage, the very small windings should
give a markedly higher self-resonant fre-
quency, compared with the larger helical
coils from the previous design.

With a coil Q of 100 (taken from the data
sheet, and corresponding to a series resis-
tor of approximately 0.7 at 100MHz), the
simulation using PUFF generates the
curve shown in Fig 26 (following a slight
correction to the values - please compare
component list F3 with the simulation
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34.181 pF par

Use arrows to selec

102.930 nH ser

60.673 pF par
113.824 nH ser
60 673 pF par

02.930 nH ser

33’. 181

Lbaa r=

pF par
5..0' 000

(S)ave to file (P)rmt or (C)ont?

3 or ripple width? (r/3)r

Tupe: LP Poles: 7 Rippl
BY design (ripple or 3 dB) ripple

10,10 Zsrc 50.00 Fo 110.00 MHz

Fig 23: Filter components calculated by "fds".

result as per Fig 25!). The increasing
attenuation at higher frequencies com-
pared with the fifth order low pass filter
(due to the greater number of compo-
nents) can easily be seen. But this be-
comes really interesting with a display
extended to cover 0 to -50dB (Fig 27),
for in comparison with Fig 6 from Part 1
we can clearly recognise in the new
design the higher number of peaks in S11
in the pass band, and the much steeper
rise in attenuation of S21 in the stop
band. At any rate, the gain in attenuation
is a big fat 20dB at 200MHz!

I
KRN KRN XN EXX
o LPF 110MHz/n? o

Fig 24: New PCB layout for the
110MHz filter.

Following the somewhat expensive pro-
totype assembly, it was naturally exciting
to see whether the prototype would be-
have in the way that might have been
expected, based on the simulation. The
end result (following quite a few attempts
at calibration and a lot of frowning) can
be seen in Fig 28. In fact, the choice was
restricted to the following three options:

e Either the ripple was correct at low
frequencies, but then it was excessive
in the higher range...

e it was correct at high frequencies, but
then it was too high at low frequen-
cies

e the ripple was basically the same at
any frequency, but clearly exceeded
the limits laid down by the calcula-
tion.

Where did the error lie? Even unsolder-
ing all the capacitors used and checking
the measurements of the capacitances did
not indicate any error in the mounting of
the components. Well, everything be-
came clear in the end, but it wasn't
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Part "h"

Fig 25: The start point for a PUFF simulation of the 110MHz n=7 low pass
filter.

Part "e": Microstrip 50Q / 14mm long, 1.83mm wide
Part "f": Microstrip 50Q / 4mm long, 1.83mm wide
Part "h": Oneport "fr-50.s1p" (Open end extension for 502 microstrip)

exactly easy getting at the truth: excessive at low frequencies, or we re-
tune and then it is correct at low frequen-
The permeability of the cap cores used is ~ cies but it is too low at I00MHz. Such a
dependent on the frequency and de- sensitive little filter reacts to these rela-
creases as the frequency increases. Con- tively small discrepancies immediately.
sequently, either the inductance is correct ~With hindsight it all seems very logical,
between 80 and 100MHz but is then but we have to find the error first!

Fig 26: PUFF
simulation results
v |for the 110MHz

v, |filter. Slight
adjustments in
values from circuit
/lin Fig 25.

F2 : PLOT
Points 1000
Smith radius 1.00
£ 0.1099 GHz

F1 : LAYOUT

0S11 -14.16dI
x 821

Time 7.4 secs

F3 : PARTS
a 1 34.95pF

b 1 102.32nH+0.7% file : tiiom7-4
c 1 60.71pF
d 1 112.000nH+0.70% 0
e t150.7Q 14mm
£ t? 50.7Q 4mm
g 1 0R

h dev fr-50.slp
i

Isl {
i F4 : BOARD aB f
zd  50.000 f 821 {
f£d 0.110 GHz |

er 3.380

h 0.813 mm i

s 100.000 mm [
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Tab microstrip -1.00 t

0000 £ GHz 0.200
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Fig 27: PUFF
simulation results

with range increase
to -50dB. This

In contrast, the effects of the improved smaller coils do display much lower self-
attenuation constituted a pleasant sur- capacitance and thus there are hardly any
prise. Fig 29 shows that the markedly problems until we exceed approximately

file @ t110n7-4

I

-

Fig 28: Measured
results for 110MHz
filter showing the

' Measure(} r best compromise in
: RN | calibration.
sl ’ e
181 i
w |_~1521]
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-1.00 : : !
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1.8GHz. For a 110MHz low pass filter,
that's decidedly satisfactory!

4.
Low pass filters for a cut-off
frequency of S00MHz

A few preliminary comments are neces-
sary before we begin:

Fig 30: Picture of
the version 1
500MHz filter
using all SMD
components.

For some reason, 500MHz is a difficult
frequency for filter assembly. Pure strip-
line filters are fascinating, because once
the development work is over there are
no problems with copying or the preci-
sion of reproduction. Though at 5S00MHz
the dimensions for corresponding strip-
lines are still decidedly large, while dis-
crete components are already slowly
pushing up against their limits. The ca-
pacitors can be realised using SMD tech-
nology, but the values required fall and
the discrepancies between the values and

Fig 31: Picture the
version 2 500MHz
filter using SMD
capacitors and
stripline inductors.
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Fig 32: Picture of
the version 3
500MHz filter
using stripline
capacitors and
SMD inductors.

the standard series are significant. It's a
similar story for the inductors; SMD
fixed inductances display unpleasant tol-
erance values and/or falling levels of
quality, and can no longer be kept within
the limits required by the simulation.
Also the use of adjustable designs looks
decidedly bleak.

In order to get a feel for what was
possible here, several different combina-
tions were investigated and the pros and
cons of each individual solution were
estimated:

e Version 1, which uses SMD compo-
nents for both the inductors and the
capacitors, it can be seen in Fig 30.

"o Cover=14mm / File 4t o)
06/200%

meeessssenl Ll  es——

i B &
> LPF 500 MHz °/

Fig 33: PCB layout for the version 1
500MHz filter.

e Version 2 combines SMD capacitors
with printed stripline inductors it can
be seen in Fig 31.

e Version 3: printed stripline capacitors
in combination with SMD inductors
are used in Fig 32.

4.1 5S00MHz n=5 low pass filter,
version 1 with SMD components

First the component values are deter-
mined, using the “fds” filter program,
with the filter data remaining unchanged
right up to the cut-off frequency:

Cl=C3="73pF
C2 = 12.57pF
Ll =L2=21.8nH

Naturally, we have to have a new board
layout, since at the higher frequencies the
connecting striplines between the indi-
vidual components must be kept as short
as possible, and precisely matching SMD
pads must be used (Fig. 33). The
associated simulation circuit, tailor-made
for PUFF, can be seen in Fig 34. The
open-end extensions for the SMD induc-
tor pads were generated with the student
version of APLAC as a SIP file (fi-
2p83.slp) and simply copied into the
current PUFF file. (This procedure is
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Part """

/

Part "f"

N

Part "e"

Part "e"

Part "d"

Part "e"

/ Partrar

7,3 pF

Part "g"

VAN

AI—V//YAI—V

il

12,57 pF

21,82 nH

T

7,3 pf

Fig 34: Circuit diagram of the version 1 S00MHz filter used for PUFF

simulation.

Part ""d" Microstrip 502 / 19mm long, 1.83mm wide

Part "e" SMD microstrip pad 38.4Q / 1.5mm long, 2.83mm wide
Part "f" Open end extension for SMD pad (Oneport "fr-2p83.s1p")
Part "g" Microstrip 50Q / Imm long, 1.83mm wide

described in Section 3.2 / Page 21 of Part
1 of this article in issue 1/2005).

A new conductor width of 2.83mm is
required for the inductor pads on the
printed circuit board and can be entered
directly, using APLAC, into the at-
tributes of the open stripline (component
Mlocl). With PUFF, things aren't like

that, so the characteristic line impedance
associated with this width of SMD induc-
tor pads was first determined as 38.4Q.
In actual fact, the line transition from
50Q to 38.4Q has to be taken into
account four times to complete the cir-
cuit. The two conductor widths are not
far apart, ignoring it at low frequencies
would not cause a problem, but this no

F2 : PLOT F1

Points 1000

Smith radius 1.00
0.0000 GHz

08§11

X821

: LAYOUT

0.00dB 0.0°

1 6.85pF
11.76pF
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Fig 35: PUFF
\ simulation of the

\ |version 1 500MHz
\ [filter.
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results for the
version 1 500MHz
filter.

0000

1.000

longer applies above 1GHz!

A trial comparison simulation using a full
version of APLAC including all the
participating effects showed that there is
not that much of an influence on the
result, therefore this factor need not be
incorporated into the simulation.

At the start, when PUFF is used we
suddenly receive an error message stating
that the memory allocated is too small for
such a big circuit with so many addi-
tional files. So there's only one thing left
to do: Right click on the PUFF icon on
the Windows screen and call up
“Memory” in the properties menu. It is
not until all the memory defaults have

been set to the highest possible value
(usually: 16,384 kilobytes) that this effect
can be safely be said to have been
eliminated. But this causes a longer load-
ing time for the program and occasion-
ally with longer simulation times.

Once this hurdle has been cleared, we
move to optimisation. All influences
from the pads, the connecting lines and
the open-end extensions must be cor-
rected through variations in the capaci-
tors and inductors. If we compare the F3
components list of the end result shown
in Fig 35 with the starting point of Fig
34, we can clearly see the differences.

The measurement using the fully assem-

file ! tpS00vi

Fig 37: Measure-

.........................

| sz1\§ Simillate(:l

..... | 52‘, ' Measured e ik

ment of the
performance for
the version 1
500MHz filter up
to 2GHz. It shows
the higher ripple in
the pass band.

2.000
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Part "{"' (take care to position correctly)

Part "e"

Part "d" Part ''d"
72| 4 A—Ql 2 \n 22
Part "c U Part "C N
1T 1 1T
7,3 pF 12,57 pF 7,3 pF

Fig 38: Circuit diagram of the version 2 S00MHz filter used for PUFF

simulation.

Part "c¢" Microstrip 120Q / 32.7mm long, 0.25mm wide

Part ""d" Microstrip 502 / 10mm long, 1.83mm wide

Part "e'" Microstrip 50Q / 2mm long, 1.83mm wide

Part "f" Twoport "st50-120.s2p" (transition from the 1.83mm wide 50Q feeder
to the 0.25mm narrow “inductor line” and vice versa).

bled prototype is really fascinating. Fig
36 shows the result for the pass band.
The simulated curve is calculated for a
series resistor of 1.3Q in the inductors
(corresponding to a quality of 50 to
500MHz). We can clearly see that the
circuit reacts very sensitively to the fact
that two SMD inductors have a standard
value of 22nH, instead of the simulation
value of 21.2nH - the cut-off frequency
has actually slipped down by several
percentage points and the Chebyschev
ripple is bigger. Apart from the S21
curve at very low frequencies (where a
lower inductor loss resistance is effec-
tive, but this cannot be simulated, except
at great expense...), the correlation of
theory and practice is still reassuring.

Finally, the display range was expanded
to 0 to -50dB, so that both the S11 curve
in the pass band and the attenuation
behaviour up to 2GHz can be represented
(Fig 37). It can very clearly be recog-
nised that the higher ripple in the pass
band is directly inter-related to a less
satisfactory S11 value, i.e. higher reflec-
tion. Secondly, this higher ripple value
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once again leads to a steeper attenuation
rise in the stop band. A brief test at 4GHz
showed there was still 50dB attenuation,
and that was satisfactory. These measure-
ments were again carried out using the
aged HP8410 network analyser. Two
additional measurements had to be taken:

e A broadband directional coupler was
connected in between the sweeper
output and the network analyser input
with a 10dB attenuation. Its output
signal powered a microwave fre-
quency counter. The sweeper was
switched to manual and deliberately
set to specific frequencies one after
the other (as per the counter display).
The current S11 and/or S21 value can
be easily read off from the screen
with the maximum sensitivity that
can be selected on the network ana-
lyser being 0.25dB per division.

e The precision of measurement was
increased by making an initial short
circuit measurement without a filter
in the frequency range between
100MHz and 2GHz. The inaccuracies
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Fig 39: Using the
free version of
APLAC to simulate
the step transitions.
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of the measurement equipment were
carefully entered in a table (for your
information: from 100MHz to
500MHz, the maximum error at S21
was 0.25dB and even up to 1GHz it
was still less than 1dB, not bad really
for a measuring instrument of this
age!). The measurement was then
repeated with the low pass filter in
the signal path. When the error had
been manually corrected, the dia-
grams in Fig. 36 and Fig. 37 were
plotted.

Here we can see again that successful
results using such microwave develop-
ments do not depend entirely on having
extremely modern but enormously ex-
pensive set of measuring instruments!

4.2. S00MHz n=5 low pass filter,
version 2 with SMD capacitors and
stripline inductors

The problem with the standard values of

——— F1 : LAYOUT
Note these

are reversed

Fig 40: Position of
the four part "f"
components.
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the SMD inductors, which do not match
the requirements, was simply giving us
no rest. So we contemplated thin strip-
lines with a characteristic impedance of
120Q2 as a replacement (width =
0.25mm). There were predictable disad-
vantages in the filter stop band (as the
frequency increases, the attenuation rises
only to a precisely predictable maximum
and then falls again to almost zero when
the “inductor line length” is in the order
of A/4), but the advantages in the pass
band are even so very attractive:

e Precise repeatability for copying

e Precise fine calibration of the induc-
tors is possible, following several
drafts with different line lengths

e The quality that can be expected is
rather higher than that for SMD
inductors

e As a result, pre-set maximum ripple
values can be maintained in the pass
band, with very precise correlation of
the simulation and the prototype.

Now PUFF comes back into the game.
The starting circuit used for the PUFF
simulation can be seen in Fig 38. In
addition to the thin striplines, it also to
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contains four “steps” (transition from the
1.83mm wide 50€2 feeder to the 0.25mm
narrow “inductor line” and vice versa).
They were set up as per Fig 39, once
again using the free student version of
APLAC, and there is something else we
should clarify here:

e The line lengths of the two lines in
contact have been selected to be so
short (1 micron each) that their influ-
ence on the result can be disregarded.

e The simulation result for zero to
5GHz was stored as an S-parameter
file, with the appropriate attribute
entry, at the right hand port (STORE
“st50- 120.s2p*“ GHZ MA) and then
copied into the current PUFF file.

e Great care must now be taken in
setting up the PUFF circuit in field
F1, since the order of the S-parameter
files of the steps is a significant
factor. The reason for this is very
simple: its replacement circuit repre-
sents a simple LC low pass filter with
only 2 components, and so it is
important that the replacement ca-
pacitor always points to the wide
50Q feed and the replacement induct-
ance points to the narrow “120Q
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Fig 42: PUFF
simulation of the
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4 [filter.

d t1? 50.79 10mn [
e t1? 50.70 2mm

£ dev st50-120.s2p
g 10R

h

i
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F4 @ BOARD dB
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inductor stripline*; only then does
everything match. In Fig. 40 this can
be recognised very easily in the four
components identified with the letter
“f (dev st50-120.s2p) taken from
field F1.

If you're having difficulties with posi-
tioning, here's a trick that speeds things
up enormously: first you draw the circuit
in such a manner that all four steps point
in the same direction. Then you dexter-
ously move around, using the cursor
keys, to delete each wrong step and then
put it back in the right way round! It's
done in a flash!

When the simulation circuit was being
assembled, there was one question that
had to be answered:

What is the initial length for the two
“inductor microstrip lines"?

There is a very simple method where
PUFF can offer first class service and
show what it's capable of:

e Set up a simple circuit in field FI,
where a line section is short-circuited
at the end, and then determines its
S11 value.

file : tp500v2

Fig 43: Measured
results for the

Is|
4B

version 2 500MHz
filter.
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Fig 44: Measur-

ment of the
performance for
the version 2
500MHz filter up
to 4GHz.

File @ tp500v2
............................. [sael @ &
'ﬁ,'; Measured
.................. \ ’
/AN oo ”
Measured ' vt S s s R i s S .......
, . < :
-50.0 e : : :
0000 - £ GHz 4.000

e Following the calculation put the
cursor on the “S11° line and press the
equals sign. The replacement compo-
nent values are immediately entered
into the dialogue field at the current
frequency (5S00MHz) and, since the
line section behaves like an induct-
ance at lengths below A/4, the rest
presents no complications. Repeat
this procedure with various lengths in
field F3 until the display shows
22nH, as desired, and a line length of
32.7mm is associated with it. Fig. 41
demonstrates this method very well.

Only now can a start be made on the
actual circuit. The last simulation of the
pass band can be seen in Fig 42. In Fig
43, we have the same simulation result
again, but now together with the meas-
urements on the prototype. We can be
satisfied with the result, since the ripple

is now markedly more uniform than in
the previous version. The attenuation
increases with the frequency, but we just
have to accept this for the time being.

In Fig 44 the S21 simulation is shown
together with the measurements up to
4GHz and for the value range from 0 to -
50dB. The result was to be expected from
this type of filter: first rate until you get
past 2GHz, but then comes the dreaded
collapse and departures from the simula-
tion are unfortunately somewhat more
serious than expected. Nevertheless, for
such a wide frequency range it is easy to
use and it is a great addition to your stock
of components. Compared to version 1 it
is better in the pass band, in the stop band
it is worse at certain frequencies.

To end this section, Fig 45 shows the

B 8B =
LPF 500MHz

o

N

[o]

_/

designed printed circuit board with the
meandering folded lines (which would
not fit into the housing any other way).
By the way, documentation of S11 or
S22 is superfluous because at the first
maximum, theory and measurement cor-
respond completely (approximately -
16dB). Unfortunately, at the right hand
maximum in the pass band, the theory
predicts approximately -16dB, whereas
only -14 to -15dB can be measured,

Fig 45: PCB layout for the version 2
500MHz filter.

which is nothing to worry about.
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Part "h'" (take care to position correctly)
1"

Part"g
Part"f" 7~ Part"f"

Part "a"
Y,

22 nH 22 nH

/ N\

Part "b" Part "e" Part "b"

Fig 48: Circuit diagram for the version 3 SOOMHz filter used for PUFF
simulation.

Part"a" Microstrip 50Q / 6.4mm long, 1.83mm wide

Part"b" Microstrip 8.74Q / 10.6mm long, 17mm wide

Part"c" Microstrip 6.9Q / 14.2mm long, 22mm wide

Part "f" Oneport "17mm.s1p" (Open end extension for 8.74€)
Part "g" Oneport "22mm.s1p" (Open end extension for 6.9Q)
Part "h" Twoport "s50-8p7.s2p" (transition from 50Q and 8.74Q)

possible - both for the cut-off frequency
and for the ripple.

C2 =12.57pF

It is recommended that a wider line
should be used for the central capacitor
C2, because it is dangerous to obtain this
capacitance - almost double the value of
Cl — by just increasing the length.
Firstly, there is a danger that it will not fit
into the standard housing. Secondly,
similar effects as in version 2 emerge in
the stop band, since even thick striplines

4.3.1. Designing stripline capacitors

As a reminder, and for comparison pur-
poses, we repeat the requirements of the
filter program:

Cl=C3=73pF
L1=12=21.82nH

Fig 49: Using the

Sweep

"Fringing TL 17mm"

loop 501 freq lin 0 5GHz
Window=0 Smith
Window=1l Y "" "dB" -40 0
Show

+W=0 RI S(1,1)

+w=1 DB s(1,1)

EndSweep

MSub R04003

COVER=14mm LEVEL=2

ER=3.38 H=0.813mm T=0.035mm RHO=0.75 RGH=0.002mm TAND=0.001

MSub R04003 (E)
Circuit Diagram [ame] (E)
Sweep ["Fringing TL 17...] (E)

free version of
APLAC to
generate the S-
parameter file for
the open end
extension of a
17mm line.
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Sweep

"Fringing TL 22mm"

Mlocl loop 501 freq lin 0 S5GHz APLAC to
Window=0 Smith -
Window=1 ¥ "" "dB" -40 O generate the S
o parameter file for
Show

+W=0 RI 5{1,1)
+W=1 DB §(1,1)
EndSweep

Fig 50: Using the
free version of

the open end
extension of a
22mm line. Note
that the cover

distance must be

Msub RO4003

COVERE16mmn) LEVEL=2

ER=3ﬂ.Blerﬂ T=0.035mm RHO=0.75 RGH=0.002mm TAND=0.001

increased to 16mm
to overcome a
"feature" of the

s

Msub R0O4003
Circuit Diagram [
sweep

["Fringing:TL 22%%] (E}

= software.

(E)

cease to act like capacitors as the fre-
quency increases and become genuine
cables instead.

When these considerations were taken
into account, and if we were careful to
allow sufficient distance to the walls of
the housing, the line width for C1 and C3
became 17mm, while that for C2 it was
fixed at 22mm.

Initially, we used PUFF to determine the
characteristic impedance associated with
the width used. No great skill is required
here, as we simply entered a section of

50Q microstrip into a line in field F3.
Then we briefly deleted the exclamation
mark after “TL!......” and use the equals
sign. The precise mechanical line data
appears in the dialogue field.

If the characteristic impedance is re-
duced, the width increases, and we then
fiddle about until we manage to obtain
17mm. It is a simple matter to determine
the line length required for the capaci-
tance specified: we work with an open
circuit stripline section, simulate S11 and
then use the keys (cursor on S11 in field
F3, then press "Equals") to obtain the

: LAYOUT
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0811 -15.33dB 4.1°

X821 -0.784B 109.0° E}.

i

'

Time 7.3 secs

F3 : PARTS
t1? 50.7Q 6.4mn
t1* 8.745Q 9.74mm
t1? 6.90f1 13.30mm

file : tp500v3

Fig 51: Result of
PUFF simulation
for the version 3
500MHz filter.
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Fig 52: PCB layout for the version 3
500MHz filter.

relevant input capacitance. With a few
variations of the line length, we can
obtain required capacitances ranging
from 7.3pF to 12.57pF (see Fig 46 for the
two 17mm wide line sections and Fig 47
for the central capacitor with a conductor
width of 22mm). But please don't forget
to put the exclamation mark back behind
the line entry in the appropriate line of
field F3 before determining the length
(“TL!....”). Otherwise the line will not be
modelled realistically!

If we take a look at the PUFF simulation
defaults in Fig 48, we can see immedi-
ately that APLAC must be used in order
to determine the open end extensions for
these wide lines, “l17mm.slp“ and
“22mm.slp“. Using the example of the
17mm wide line, Fig 49 is intended to
demonstrate how simple it is and how
helpful the free but performance-re-
stricted student version of a modern
microwave CAD program can be. As
usual, the S1P file that is created is
copied into the current PUFF file. How-
ever, if the open end extension procedure
is also carried out in Fig 50 for the 22mm
wide line, a problem occurs, there must
be an important reason for this:

Modelling always applies only to a spe-
cific range of values as far as line,
material and housing data are concerned.
There is not always a warning when the
limits are exceeded, for “Cover” =
14mm, this is the case, the calculated S-
parameter file suddenly becomes a jerky
sequence of gobbledegook. Unfortu-
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nately, no warning or error message is
displayed referring to this, and so it is up
to the developer to recognise this prob-
lem. Even an increase in the cover of 1 to
2mm is sufficient to put everything right
again. This is the golden rule:

In cases like this, look at the curve for the
S-parameter in the results diagrams, plot-
ted against the frequency, and use your
technical knowledge to determine
whether this could really be true. At the
end of the day, everything is based on the
same principle - that you should never
transfer any data blindly and without
thinking. Always check first.

And here's a tip for professionals: as soon
as you get two striplines with their
narrow sides getting nearer and nearer to
each other, a cross-talk effect will some-
times occur, in addition to the open end
effect. Then we interpose a new compo-
nent, namely a gap, in the simulation. It
takes both effects into account and is
naturally modelled and used as a “t-
woport”. It is also available in APLAC as
a ready-made component, but a check
simulation using the full version shows
that this is not necessary in the preceding
example and it is sufficient to take the
fringing into account. Nevertheless, we
should mention this point for the sake of
completeness.

Now it was time for the simulation and
optimising result from PUFF assuming a
quality level of Q = 50 for the SMD
inductors at S00MHz, taken into account
using a series resistor of 1.3Q (Fig 51).
After our previous experiences, no wildly
exciting developments were to be ex-
pected while the completed prototype
was being measured (see Fig 52 for the
printed circuit board). So the result, in
the form of a noticeably smaller trans-
mission loss, was all the more baftling.
In order to demonstrate this (and also to
show the quality of the simulation), the
measured values (Fig 53) were entered
into a simulation diagram, in which the
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inductor loss resistance (corresponding to
double the quality level, Q = 100) was
halved. Obviously, the 22nH SMD in-
ductors purchased for this development
were better than expected, and the SMD
capacitors used in the other versions were
worse than expected.

The stop band curve is likewise some-
what steeper, but this is not connected
with the higher component quality levels
(Fig 54). If we take a good look at Fig
52, it is clear that the measured ripple
somewhat exceeds the simulated value.
Well, a worse ripple value would mean a
steeper gradient for the attenuation in the

stop band.

And finally, just a positive piece of news:
even at 4GHz, the attenuation is still
better than at 50dB.

To be continued.

file :

Fig 54: Measure-
ment of the
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performance of the
version 3 500MHz
filter up to 2GHz.
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Franco Rota, 2FHW

Franco’s Finest: MGA62563
ultra low noise amplifier

1.0

Introduction

The purpose of this article is to demon-
strate the specification of a new MMIC
from Agilent (formerly HP) that has
some very interesting performance in “no
tune” applications. The MGA62563 has
an ultra low noise performance associ-
ated with a high dynamic range in no
tune circuits. It is an MMIC device
fabricated with the GaAs-Fet E-pHEMT
process, this process is already well
known from the ATF54143 which is a
single GaAs-Fet with a very high dy-
namic range.

This article will demonstrate that the
performance of this no tune broad band
MMIC are similar to a tuned GaAs-Fet.

2.0
The Choice

During many years of my working expe-
rience I have always had the need to
supply RF amplifiers with low noise and
broadband, of course with a good dy-
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namic range. All the technicians know
very well that the dynamic range is not
compatible with low noise (or very low
noise) performance.

Today the market can offer a very large
choice of MMICs, I carefully examined
the performance of many of them but
only the MGA62563 from Agilent has
the following performance:

e Very low Noise Figure: 0.8 - 1dB NF
in the 30MHz to 2600MHz range

e Very good dynamic range: +32dBm
OIP3

e High output power: +17.5 dBm P1dB

e Good input-output return loss: 10 to
20dB

e No tune: it needs only dc blocking
capacitors and bias decoupling

e Power supply: single positive voltage
(no negative bias)

e Unconditionally stable: K > 1 (no
self oscillation)

and last but not least

e Ultra broadband applications
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Fig 1: Plot of noise figure and gain for the MGA62563 up to 3GHz.
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Fig 2: Plot of noise figure and gain for the MGA62563 up to 300MHz.
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Fig 3: Plot showing the amplification of a 130dBm signal.

3.0

Performances Explanation

NOISE FIGURE - as you can see in
Figs 1 and 2 there is the broadband and
expanded low frequency band graph in
order to show it at lower frequencies, the
noise figure remains lower than 1dB up
to 2GHz (typically 0.9dB) and 1.1dB @
2.5GHz. The associated gain is appropri-
ate for applications from 30MHz to
2.6GHz, see table 1. This is achieved
without any special LC tuning or compli-
cated circuits, it means that this MMIC is
useful for a very big range of applica-
tions; you can use it as low noise pream-
plifier both for amateur and commercial
applications.
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As a last test I put this preamplifier in
front of my spectrum analyser with an
input signal of -130dBm (0.07uV). As
you can see in Fig 3, the small signal of -
130dBm is perfectly readable using the
preamplifier.

DYNAMIC RANGE - with conditions
of very low noise figure explained above,
the device also has a high dynamic range.

Table 1: Noise figure and gain of the
MGA62563 at various frequencies.

Frequency Noise Gain
(MHz)  Fig. (dB) (dB)
30 1.07 22.7
50 0.87 22.5
144 0.83 22.2
220 0.86 22

432 0.97 21.6
1296 0.86 17.8
2400 1.01 13.5
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You can see in Fig 4, a graph of two-tone  60dB. You can also see in Fig 5 graphs
intermodulation with two tones each of single tone harmonic distortion, with
0dBm output power, the IMD level is - 0dBm output level, the second harmonic
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Fig 5: Plot showing the single tone test performance of the MGA62563 at two
different input levels.
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Fig 6: Return loss measurement of the MGA62463.

is -42dB and with +15dBm output level
the second harmonic is -25dB.

The value measured for the output power
1dB compression point is in Table 2.

N.B. average value P1dB +17.5dBm =
56mW (a little transmitter)

IN-OUT RETURN LOSS - Typically
an ultra low noise amplifier using a
GaAs-Fet has a good noise figure but has
a bad input return loss, this is known
very well by EME fans. The MGA62563
has an average input return loss of 10dB
and output return loss better than 15dB
(see Fig 06).

If you put a filter (before or after) the
amplifier you will not have any detuning
of the filter because the return loss is
moderately low. This is also very good as
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a moon bounce post amplifier in order to
reduce self-oscillations, in fact the device
is guaranteed for K > 1. In my lab I
tested 3 devices all connected in cascade
and I tried to obtain a self-oscillation by
a mismatching but it was not possible.

4.0

No Tune Circuit

The circuit used for the above measure-
ment is shown in the Fig 7, it is very
simple and doesn’t need any tuning com-
ponents. The input dc blocking capacitor
is not critical and I used a parallel
capacitor, high Q ATC100A in order to
reduce the ESR of a normal SMD capaci-
tor for frequencies above 2GHz, this
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+5V O |
10 nF =
—
68 pF —
1,5 KQ
(bias) 470 nH
1000 pF
4
IN <>—|:: D - N o |—o ouT
1000 pF
ATC100A 1)2[5
15PF" Meae2s63 =
All SMD components are in case 0805 or 1206
* = QOptional
Fig 7: Circuit diagram of the test circuit used to make measurements on the
MGA62563.

improves the noise figure by only 0.1dB,
this means that it isn’t indispensable. 5.0

The resistance of 1.5K. is for +5V/40mA Conclusions
power supply, you can adjust it if you
want to improve or reduce the current, no
large variations are been experienced
between 30 to 50mA, so it means that the
device is not critical and the performance
remains stable within moderate power
supply variations.

I believe that this MMIC will have a
good future as ultra low noise preampli-
fier associated with high dynamic range.
Considering the price, it is available
around €3.00 each (a cup of coffee in UK
and half a pizza in Italy) so it is afford-

The choke coil and the dc blocking able by anyone

output capacitor are also not critical.

Good luck to everybody from I2FHW
Franco Rota, www.rfmicrowave.it.

Table 2: 1dB compression point and
output power of MGA62563 at
various frequencies.

Frequency PI (dBm) Psat (dBm)

50 +18 +19.5
150 +18.5 +20.5
500 +18 +20

1300 +17.5 +19.5
2000 +17 +19
2400 +16.5 +18.5
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Gunthard Kraus, DGS8GB

Internet Treasure Trove

145GHz amateur band

Variety is the spice of life — of course
everyone knows this saying. Why
shouldn't it sometimes be some com-
pletely different frequency ranges? So
anyone who wants to take a trip to such
high frequencies should begin by taking a
look at this page.

Address:
http://www.mgef.org/145ghz.htm

kinds of things for RF technology, such
as mixers, directional, other couplers and
dividers. Not only is it interesting to
glance at the specifications of the compo-
nents (for example, there's a tiny little
directional coupler which covers a range
from 1MHz to 1GHz), but the application
notes are of interest too.

Address:
http://tele-tech-rf.com/prodselection.htm

136kHz amateur band

EM-Wonder

Anyone who, in contrast, is attracted by
really low frequencies, will find an at-
tractive little range of items here - cir-
cuits, antennas, ideas, etc...

Address:
http://home.online.no/~la8ak/L2.htm

Those who like to simulate their circuits
before testing the first prototypes will
enjoy this site. Not only will they find
links there to various SPICE model lists,
but also data on something really splen-
did: a converter that generates an S-
parameter file for simulation.

Address:
http://www.emwonder.com/spicemodels/

Tele-Tech

PlexTex

They are a company that produces all
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Some more people who are very active in
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the modern communications technology
sector and supply interesting modules or
components. There is a very informative
list of the “Technical Papers® available,
which should make developers' eyes light
up straight away. For example, “A 2 -
18GHz Receiver Frontend* or “A Mono-
lithic, 2 to 18GHz Up-converter” or “RF
Mixer Design“ or “Synthesizer Design*
or....

Address:
http://www.plextek.com/technicalpapers.
htm#

Anadigics

Broadband multi-function
antenna suitable for incorpora-
tion into vehicles

Here we have an online calculator, which
can be used to determine all the impor-
tant characteristics of a receiver if the
various stage characteristics are entered.
These characteristics are: overall amplifi-
cation, total noise factor, spurious free
dynamic range and noise floor in dBm.

Address:
http://members.tripod.com/michaelgellis/
anadigic/Receiver.html

Directional Couplers

Something in German for once - though
the bad news is that it takes a lot of
downloading This modest and unassum-
ing title conceals a Karlsruhe University
doctoral thesis 200 pages long, with a
good introductory section on the basic
principles of antennas.

Address:
http://www.ubka.uni-karlsruhe.de/cgi-
bin/psview?document=/2001/elektrotech
nik/6&search=/2001/elektrotechnik/6

Tripod

Anyone looking for interesting programs
for “fiddly little jobs” should make a note
of this address and pay the site a visit
from time to time. New items appear here
at regular intervals.

Address:
http://members.tripod.com/michaelgellis/
software.html

An easy-to-understand and accurately
written introduction to the characteristics
of directional couplers, including illustra-
tions and formulae. Compiled as an on-
line lexicon of RF technology by Bilkent
University in Turkey.

Address:
http://www.ee.bilkent.edu.tr/~microwave
/programs/magnetic/dcoupler/theory.htm

GlobalSpec - The Engineering
Search Engine

There's not much explanation needed
here: anyone needing links in connection
with a problem or a term should try their
luck here. Normally you end up with
more information than you can use.

Address:
http://www.globalspec.com/
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The International Microwave Handbook

The microwave bands are an excellent area for radio

ATION A ROWA amateurs who want to experiment and construct their own
ANDRBOGC equipment. The RSGB in partnership with the ARRL has
produced this invaluable source of reference information for

= AN those interested in this area, along with excellent designs
' from around the world to fire the imagination. Material has
been drawn from many sources including the RSGB journal

l o RadCom and the ARRL publications QST & QEX. Along-
5 o side this material a truly international range of sources have

= T been used including items from Germany, Denmark, New
N ReEmEE Zealand, Slovenian and many more.

S The earlier chapters of the book provide invaluable refer-

ence material required by all interested in this exciting area
of experimentation. Techniques and devices are covered in
depth, leading the reader to understand better the wide
range of equipment and techniques now available to the
microwave experimenter. This book contains a wide selec-
tion of designs using the latest technology that can
reasonably be used by radio amateurs and ranges from ones
that can be reproduced by most radio amateurs to those that
require a high degree of skill to make.

<>

With the explosion in consumer electronics using microwave frequencies the opportunity to
experiment has never been greater and this book is simply the best guide to the area of microwave
radio.

Available in the UK for £24.99 from www.rsgb.org/shop and in the
USA for $39.95 from www.arrl.org ISBN 1-872309-83-6

Microwave Projects

Microwave Projects is aimed at those who are interested in
MICROW A= building equipment for the amateur radio microwave bands.

BGTS Packed full of ideas from around the world this book covers

B \&

the subject with a variety of projects. The book has many
contributors who have a wealth of experience in this area
and they have produced many projects, design ideas,
complete designs and modifications of commercial equip-
ment, for the book.

This title provides much useful information as to what can
be achieved effectively and economically. Aimed at both the
relative novice and the "old hand" the book also covers
useful theory of designing microwave circuit and test
equipment for the projects. The book includes chapters
covering:

« Signal Sources ¢ Transverters * Power Amplifiers
* Test Equipment * Design

Microwave projects is a must have book for all those who
are already active on the microwave bands and those
looking for interesting projects to embark on.

Available for £14.99 from www.rsgb.org/shop ISBN 1-872309-90-9




COMPLETE KITS, PCB's & ICs ARE AVAILABLE
FOR RECENT PROJECTS

If the kit or PCB is not in this list please contact K. M. Publications

READY MADE DESCRIPTION ISSUE  No. PRICE

DG6RBP Pre Divider (:10) up to 5SGHz 1/02 £ 140.00
DG6RBP 12GHz Divide by 1000 prescaler 4/03 £ 160.00
DG6RBP 12GHz Divide by 10 prescaler 1/04 £ 160.00
DG6RBP Universal measuring amplifier for low dc voltages ~ 2/05 £ 130.00
DG6RBP Universal PLL oscillator 3/05 £ 118.00
KIT DESCRIPTION ISSUE  No. PRICE

DIJSES-019 Transverter 144/28MHz 4/93 06385 £ 120.00
DJSES-019/50  Transverter 50/28MHz 2/95 06392 £ 120.00
DIJSES-047 Log Amplifier up to S00MHz with AD8307 2/00 06571 £ 42.00
DG6RBP-002  Pre Divider (:10) up to 5GHz 1/02 £ 115.00
DB6NT-Rotor  Simple Speed Control for Rotators 2/02 06533 £ 35.00
PCB DESCRIPTION ISSUE  No. PRICE

DIJSES-019 Transverter 144/28MHz or 50/28MHz 4/93 06384 £ 10.00
S53MV Set of PCBs for Matjaz Vidmar Spectrum Analyser 4/98-4/99 S53MV £ 65.00
DIJSES-047 Log Amplifier up to S00MHz using AD8307 2/00 06569 £  6.50
DG6RBP-002  Pre Divider (:10) up to 5GHz 1/02 £ 18.00
DJSES-053 Frequency Generator to 4GHz - mixer 1/02 £ 10.50
DJSES-054 Frequency Generator to 4GHz - oscillator 1/02 £ £9.50
DIJSES-054 Frequency Generator to 4GHz - microcontroller 1/02 £ 1550
DB6NT-Rotor  Simple Speed Control for Rotators 2/02 06532 £ 550
DB6RBP ATV Squelch 4/02 06542 £  3.50
DG4RBF Set of 4 PCBs for FC4000 Frequency counter 1/00 £ 20.00
DG6RBP Universal measuring amplifier for low dc voltages  2/05 £ 1650
MISC. DESCRIPTION ISSUE  No. PRICE

DG6RBP Milled aluminium housing for SGHz prescaler 1/02 £ 26.00
SP8910 SMD SP8910 divider for SGHz prescaler 1/02 £ 40.00
DG4RBF EPROM for FC4000 Frequency counter 1/00 £ 10.00

Please note that due to component supply problems some items have a
long delivery time, please ask for advice on delivery.

Minimum shipping charge £5.00
K. M. Publications, 63 Ringwood Road, Luton, Beds, LU2 7BG, U.K.
Tel / Fax +44 1582 581051 email andy@vhfcomm.co.uk
Web Site http://www.vhfcomm.co.uk




