


It is now practical to design an unstabilized DC transistor amplifier, 
solid state, which will hold to 1 or 2 millivolts at the output with a closed 
loop gain of 10, at room temperature, and 3 to 4 mv over a wide tempera­
ture range. The Airpax AMS 34 is such an amplifier, Figure 5, and is a 
good example of what is practical today without chopper stabilizing. As an 
operational amplifier with a gain of 10, the response at 3 db down is about 
5000 cycles. Better stability will demand choppers. At a bandwidth of 0 to 
30 КС, a null stability of about 2 millivolts is possible over about 50 C and 
a gain of 10, but more expensive components are required. Such an ampli­
fier is Airpax Type AMS 26, illustrated in Figure 6.

FIGURE 6. #�	��$� � ����#+,� /0� .��#�������	�

The use' of a stabilizing chopper or of a carrier system becomes 
necessary when: the gain must be greater than 10; still wider frequency 
ranges become necessary; very low signals in the microvolt range must 
be amplified; high impedance is needed; or when expense is important. It 
is possible to improve performance somewhat beyond the DC amplifier 
performance given, using several different modulator systems (thus a 
transistor chopper will improve a transistor amplifier), but when the 
limits of the state of the art must be reached only a mechanical chopper 
will do.

Why? Well— it’s fairly simple.2 Contact modulators are unique in one 
special respect, their ability to switch between a very low resistance of 
much less than 0.1 ohm to over 10,000 megohms, and in very short time 
intervals.

'On the Design of Chopper Stabilized Amplifiers, The Contact Modulator Part III.
-A Study of the Transfer Function of Contact Modulated Amplifiers. Krantz, Salati and 
Berkowitz, AIEE Transactions, Paper No. 57-204.
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SECTION II 
WHICH CHOPPER?

Mechanical choppers, as normally available, are of two general types. 
Both use some form of polarization, usually a permanent magnet, are es­
sentially low Q devices, and therefore will follow a driving frequency. The 
difference lies in the frequency of self resonance.

In Figure 8, Types 300 and 370 have a resonance at about 600 cycles, 
at which point there is a rapid increase in phase after which the chopper

FIGURE 9.
Phase angle versus 
frequency of Type 300 
and Model 40 A.

FREQUENCY IN CPS

FIGURE 10.
Dwell time versus 
frequency of Type 300 
and M odel 40A.

stops operating. Type 300 pivots from one end, Type 370 is a balanced 
structure. These types are similar in performance. They offer high contact 
pressure, a high order of reliability and the benefits of many years of 
production. They are quite a bit larger, of course, but are also quite cheap 
and easily obtained from several companies. Other than size, they suffer 
from the fact that their phase angle is not constant with frequency, Figure 
9. A side effect is a change in dwell time with frequency, Figure 10.

9



Model 40A differs, and can be considered as a rotating device with 
contacts at right angles to the rotation. It has a self resonant point of sev­
eral thousand cycles, and as shown in Figure 9, does not exhibit as much

CHOPPER DRIVE

CONTACT ACTION OF 
MODEL 40A Л

CONTACT ACTION OF 
TYPE 300

FIGURE 11. The effects of asymmetrical drive.

phase change with frequency. Contact pressures are lower, the relative 
dynamic contact travel is much less. The techniques to insure reliability, 
such as the use of dust free assembly rooms, are of necessity more 
sophisticated.

FIGURE 12. Sine wave drive produces modified 
square wave when using SPDT BBM chopper.

The mechanical motion of a chopper whose mechanical resonant 
period is close to its excitation frequency is approximately sinusoidal with 
time. As might be expected, an armature resonant at a frequency much 
higher than the driving signal tends to more closely follow the current 
wave shape of the drive.
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types mount in a seven pin socket, JAN TS102P01, with a miniature tube 
shield, JAN TS102U02, securing the chopper in the socket.

FIGURE 14. Inverter circuit using the chopper coil.

FIGURE 15. Type 175 chopper uses a 6.3 volt 60 CPS 
drive, has a phase angle of 20°, and a dwell time of 164°.

Life figures of 10,000 hours, or mounting and space considerations, 
may make it undesirable to plug in the chopper. Often it is helpful to 
solder connections directly, avoiding low level thermal junctions which 
may appear in sockets. Figure 16 shows a variety of mounting possibilities.
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None of the standard types of Airpax choppers will be damaged if 
subjected to vibration between 10 and 3000 cycles, or to white noise. 
Where the chopper must operate disturbed by severe conditions of vibra­
tion, Type 370 may be used. See Figure 17.

FIGURE 16. Choppers are supplied in a variety of mountings for per­
manent connection. Bracket, top and bottom flange mounts are shown.

FIGURE 17. Balanced armature type chopper operates satisfactorily 
while undergoing high frequency vibration.

The type of mounting shown in Figure 18 may be helpful in permitting 
maximum shock and vibration resistance. The vibration resistant chopper 
in this mounting is Airpax Type 371. It is also available in the mountings 
shown in Figure 16. Also for vibration resistance, a popular mounting is 
the wrap around bracket. Airpax Type 372 chopper is supplied with this 
mounting.
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units, and will meet the full range of severe military environment for all 
conditions, as temperature, vibration, humidity, shock and corrosion, and 
at the same time will provide long life and reliability.

For operation direct from battery sources, such as 24 volts DC, Figure 
28 shows Type 220, a transistorized inverter designed to drive one or two 
choppers. Type 220 supplies 6.3 volts at 400 CPS.

�$ � 	 � ( ( � �
�� �� �	 �� ����	�
���)�����

� � � � � � � �' � % � � *

FIGURE 28. Type 220, transistorized inverter, operates from a 24 to 
26.5 volt DC source to produce 6.3 volts at 400 CPS for chopper operation.

FIGURE 29. Chopper types are available for oper­
ation from - 6 5 °  to 100°C, 125°C, 150°C and 200°C.

As illustrated in Figure 14, the chopper coil of Model 46A can be 
driven directly from a transistor flipflop. This is not as easily done with 
the larger choppers. In addition, lowest noise circuits require a drive signal 
balanced to ground, which is easily obtained from the internal transformer 
output of the Type 220 inverter.
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Choppers are admirably suited to extremes of temperature. Almost 
any chopper will not be damaged by 100 C and will function between 
— 65 C and 100 C. Insulation temperatures provide some limitation. The 
use of high temperature wire and insulating materials extends this range 
considerably. Thus Type 300 operates between —6 5 C and 100' C; Type 
310 is rated up to 125 C; Type 320 up to 150 C; and Type 330, as illus­
trated in Figure 29, all the way up to 200 C.

There is little within the chopper likely to be contaminated by atomic 
radiation, unless it becomes sufficiently high to seriously injure insulation 
materials. Insulation in the contact circuits of most choppers is either glass 
or ceramic, materials relatively unaffected by radiation.

Replacement types are of many shapes, Figure 30, and sizes. Stock is 
carried on many part numbers, of our manufacture, and of other sources. 
Contact our Cambridge Division, Cambridge, Maryland, and indicate 
your desired replacement type.
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PHASE BALANCE
Of a chopper, the phase angle difference between positive and negative 
halves of the square wave, the difference in degrees between 180° and 
the measured angle between square wave midpoints.

RELATIVE PHASE
Of a chopper, the correct phase relationship between a driving sine 
wave and the square wave, as compared to the 180° reversal of 
either, best measured with DC on the drive coil.

SERVO LOOP
In a servo amplifier, the entire closed loop formed by feedback 
from output to input. In a position servo, output position is compared 
to a command signal at the input.

SPIKE NOISE
In a chopper, the static field noise caused by insulating material; can 
be observed if the chopper is followed by a wide band amplifier.

SY M M ETRY  
See Balance.

ZERO SHIFT 
See Offset.
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The drawing, Figure 33, illustrates the nominal phase relationship 
in a Type 300 chopper at 400 cycles; for the sake of simplicity, the 
opposite half cycle is not shown.

DW ELL TIM E, also called on-time, etc., is the number of degrees 
each contact is closed, expressed in relation to a driving sine wave, and 
is illustrated in Figure 34. Obviously, it can be and sometimes is expressed

FIGURE 34. Dwell time is 
the period of contact closure.

OFF TIM E-

OFF TIME

FIGURE 35. Off time of a 
BBM  chopper is the period 
when both contacts are open.

FIGURE 36. A phase difference may 
exist between opposite wave halves.

in milliseconds. This is inconvenient for measurement unless the chopper 
is used only at one frequency. At 400 cycles, a Type 300 chopper has a 
nominal dwell time of 1.05 milliseconds; i.e., 147/360° x 2.5 ms.

BALANCE OR SYM M ETRY. This is the difference between positive 
and negative dwell times; thus, if one half were 145° and the other 140°, 
the balance would be 5°. It is usually specified as a maximum (actually 
a maximum imbalance).

OFF TIM E, transit time, or dead time. The period, in degrees of 
the driving sine wave, during which neither contact of a BBM  (break- 
before-make) chopper is closed. See Figure 35. It is about 0.23 ms for a 
Type 300 chopper at 400 cycles, and would usually be expressed as 33°; 
like dwell time, it occurs twice each cycle.
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CONTACT DERANGEMENT refers to the phase modulation caused 
by mechanical vibration. It is defined, per Figure 41, as the aggregate 
of chatter, phase modulation and unbalance caused by vibration and is 
measured in degrees. Any Airpax chopper withstands vibration without 
damage; several types are designed to perform normally under extremes 
of vibration.

NOISE is the undesired signal appearing between contacts and ground 
across the load resistor. It does not necessarily result in offset of a DC 
system, for one reason or another, as will be detailed in later sections. It is 
measured in rms, or peak, or peak-to-peak values. See Figure 42.

FIGURE 42. Noise is the undesired signal irom the contacts.

Noise is not specified properly until we have defined the circuit, the 
ground connections, specified the amplifier frequency range, defined the 
value as peak, average, etc., specified the meter used, which may be peak 
reading, average, or rms, and until we have called out the load resistance 
values. Finally, noise is still not specified until we can measure the noise 
originating in the chopper itself, and not in connecting leads or sockets 
or in nearby amplifiers.

Noise is often confused with contact resistance, which is described 
later. Since noise is correctly defined only in the absence of an operating 
signal (i.e., it is that signal which remains when the input is removed), 
the difference is clear. Contact resistance, of course, may result in a 
random change of gain, since it alters the contact dwell time. If this 
appears as a fluctuating output it may be erroneously described as “noise”.

OFFSET may be caused by the chopper, but is a function of the 
amplifier using the chopper. It is usually measured in terms of the amount 
of DC required at the amplifier input to return the amplifier output to 
zero. Offset is shown in the transfer function of Figure 43. Noise does 
not necessarily cause a zero offset, in fact it might reduce the offset.

CONTACT RESISTANCE is caused by the appearance of powder 
between contacts, usually only when operated in a “dry”, i.e., very low 
level circuit. When viewed on an oscilloscope, the pattern fluctuates
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2� ��)���� �Q.�,�� =_�54AZ� "�� �A22� ��0/���� 	#� ��� �00.��0+� ��� �/�� "����� "#� 2�
��)���� ��� �"� (�� "(�������� ��� ��� ��0�����+� �"� '�<�� �� ,������ '���.��'���� "��
�/��#�0��"#��/���0"1���.(���00.������"��A2� ��0/�

��



�/��� ��� ���/��� �'1��0��0�,� �#��/��0.�9��.��� "#� �/�� �.(�� #�0�� ���� 1���,,�6�
���"�� ���� �"� (�� 0"���������� �,�"� '"��� �;��1� 0��0.���� �'1,"+��� ��� "�0�,,"?
�0"1��� ���� �"�� 0"'1,���,+� ,������� �/���#"��� �#� ��� "�0�,,"�0"1�� ��� .����� ��� ���
��������,� #������ �/��� �/�� ��1���������"�� "#� 2� "�� H� ��)����� (�� "#� �� �.##�0�����
��'����"�� �"� �,,";� �00.����� '���.��'����� ���� ��0"���� �/��� �/�� �;��1�
(�� ,������

! 	 � � � � =4�� Polar presentation provides a longer scale.

! 	 � � � � =R�� Marker pips permit measurement of chopper parameters.

�",��� 1���������"��� 1�"9���� �� ������)� ,��)�/� à� ��'��� ,"�)���� ���� �,�"�
1��'��� �� 2>AZ� 1/���� ��9����,� �"� '���'�C�� ���"�� �.�� �"� ����"���"�� ����
�'1��#�0�� ��#,�0��"�� �00.��0+�� 	#� �� 0��0,�� "#� B:��0/� ���'����� ��� .����� �� ���0��
,��)�/� "#� 2B�R� ��0/��� ��1�������� 54A� ��)����� �"� �/��� 2� ��)���� �Q.�,��
2B�R�54AZ� "�� �A==� ��0/�� �/��� ��1�������� �� '���'.'� ������0�� ;/�0/� 0��� (��
1��0��0�,,+� ����� "�� �� �0"1�� �.(�� #�0��� �/�� ,�������+� ��Q.���'���� 0��� (��
�����,+� #.,#�,,��� (+� .���)� ,";� ����"���"�� �'1,�#������ ���� "(������)� ���
�00.����� 3A:��)���� ���1,�0�'����
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No difficulty will be experienced in obtaining two voltages 90 
degrees out of phase at a fixed frequency, and special circuits will yield the 
desired results over the expected frequency range of the chopper under 
test. The major errors occur in the CRT. The deflection plates are seldom 
exactly at 90 degrees to each other, and the circle becomes elliptical due to 
deflection distortion. Errors due to distortion can be practically eliminated 
by selection of the cathode ray tubes used in the measuring equipment.

О—  

SOURCE 

О—

FIGURE 48. Chopper contact perform­
ance is easily displayed in polar fashion.

After the circle has been established, it is simply necessary to drive 
the chopper from one of the two signals applied to the CRT and to 
interrupt the circle during the off time of the chopper contacts. The 
resulting pattern is shown in Figure 46. The foregoing method of dwell 
time measurement is the result of an extensive study to determine the 
most feasible system consistent with production practice.

A relatively simple circuit for a fixed frequency is shown in Figure 48. 
To measure dwell time, it only remains to place an azimuth dial over the 
pattern and to read this time directly in degrees. Some error will of 
course remain, and can be further minimized. Referring again to Figure 46, 
if the two dwell periods are interchanged in time, errors in measurement 
can be directly observed. This can be done by reversing the polarity of the 
drive coil. Errors of measurement being reasonably the same on the same 
side of the scope, the measuring accuracy is improved.

In setting up the circuit of Figure 48, first, obviously, the source must 
deliver a low distortion sine wave of sufficient power and voltage to 
operate the chopper. R|, Ci, Ro, Co must be adjusted to 90° phase shift

��



��� �/�� �������� #��Q.��0+�� ���� �/��� ��� '"��� ����,+� #".��� (+� �/"����)� ".�� �/��
0/"11��� 0"���0��� ���� ��[.����)� �"� �� 0��0,��� 	#� �/���� ��� �"� ����"���"�� �/��
3A� 1"����"�� 0��� (�� "(���9��� ;��/��� "��� "�� �;"� ��)������ � �� ��� �� #���,+� ,";�
��������0�� "#� �� #�;� �/".����� "/'��� ;/"��� '���� .��� ��� �"� <��1� �/�� 0��0.��

! 	 � � � � =3�� #�	��$� �	��������� ����� ���������� ����� ����	� �	�����������

! 	 � � � � BA�� #�	����"�	������������ �����	������� �������� ������

�'1����0�� ,";�� ��=� ��� �� /�)/� ��������0�� "#� 1��/�1�� 2AA�AAA� "/'�� ����
���9����"� '�<�� �/��0"���0���;��0/��)�1"���� '"��� �����(,��

!�).��� =3�� ��1�0��� �� ���/��� �,�("����� 1��0�� "#� 0/"11��� ����� �Q.�1'�����
��� ;/�0/� �1�0��,� �##"��� 1�"9����� ,";� ����"���"�� �'1,�#������ 1.�/:1.,,� ��#,�0?
��"�� ���� "�/��� '��/"��� "#� "(������)� �� /�)/� "����� "#� �00.��0+�� ��)��,�
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/�9��)� �� 3AZ� ��,���"��/�1� ���� "(������� ;��/� /�,#:,����0�� ���;"�<�� ��� ���
���),�� ����(���� �����'����"��� ���� "1�����"�� "9��� �� ;���� #��Q.��0+� ���)��
����/���#"���1��0��0�,� ���� ���+�

�/���� ��),�� ��� '"��� ����,+� ����� (+� �/�� .��� "#� �� ���",9��� ���9��� #�"'�
�� 0�,�(������ ���,�� 	�� !�).��� BA�� �/�� ".�1.�� "#� �� �;":1/���� ���",9��� ��

OPEN PATTERN CLOSED PATTERN

! 	 � � � � B2�� Resolver position giving straight line is termed “zero”.�

OPEN PATTERN CLOSED PATTERN

! 	 � � � � BH�� Difference angle to close the step is chopper phase.

0"'1����� #����� �)������ �/�� 0/"11��� ���9�� ���� �/��� �"� �/�� ��)��,� #�"'� �/��
0"���0���� �/�� ��##����0�� ��),�� (���)� ����� "�� �� ���,�� �/��� 1"���� "#� 0,"�.���
"#��/��1������� �11����� "�� �/�� ��)/�� ��� !�).����B2� ����BH�

�/�� ��).,��� ��##����0�� "#� �/�� ���",9��� �/�#�� ��� �/�� 1/���� ��),�� "#� �/��
0/"11���� �/�� �00.��0+� "#� �/��� '��/"�� ��1����� .1"�� �/�� �00.��0+� "#� �/�
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* � � � � � � * � � � � �8 � 	�* � � �

� / �� 1���0�1,�� "#� /�9��)� �9��,�(,�� �� 0"����.".�,+� 9����(,�� 1/����
1��'�����/���/���� �+1�� "#�1���������"�� '����"���� ���,����� ��� ;/�0/� �� '��<���
1�1� ��� .���� �"� '���.��� �;�,,� ��'��� � � 1"���(,�� ����� ����� ���1�6� �� :HB�� ���
�/";�� ��� !�).��� B>�� ;/�0/� )�9��� �� 1������� 1��9�".�,+� �/";�� ��� !�).��� =R��
��� �6�����,� �".�0�� "#� ��)��,� ��� ������� �"� ���9�� �/�� 0/"11���� ���� ���
"�0�,,"�0"1�� �"� 9��;� �/�� ".�1.��� � / �� �Q.�1'���� /��� �� ��,#:0"�������� ��'��
(���� ;/�0/�0"���0����"� �/�� /"��C"���,� �'1,�#����� 	�� ��� .��(,�� "�� ��+�0/"11���
�"� '���.���1/����� �;�,,� ��'��� 0/������ ���� (�,��0��� ���� /��� �� ��,#:0"��������
/�:1"�� ������ � / �� ���9�� '�+� (�� ��+� 9",��)�� .1� �"� 2BA�� "�� ��+� #��Q.��0+�
(��;���� BA� ���� 2AAA� 0+0,���� �/�� '���.��'���� �00.��0+� ��� �(".�� 2� ��)����

! 	 � � � � B3�� ,����������������� ����	�� ������	�����

!�).��� B3�� ���0��(��� �/�� (���0� 0��0.���� .���� #"�� 1/���� '���.��'�����
� / �� �;":1/���� ���",9��� ��� �.11,���� ;��/� �� 0�1�0���9�� 1/���� �1,������� ;/�0/�
��� ��[.����� �"� 3AZ� #"�� ��0/� �"'���,� #��Q.��0+� ������)�� �� ��'1,�� '������ "#�
������)� �� 0�,�(������ ���,�� �/�� ���",9��� 1�"9����� /�)/,+� �00.����� 1/����
��),��� ;/�0/� ���� .���� #"�� �,,� '���.��'������ � " � 1�"9���� �� ��'1,�� '��/"��
"#� C��"� ��[.��'����� �/�� /".���)� "#� �/�� ���",9��� ��� �"������ �"� C��"�� ;/�,��
�/�#���"����"���.11,�����/�� '���.��'����

� / �� '���.��'���� "#� 0/"11��� �;�,,� ��'�� .���� �� 9��+� ��'�,��� 0��0.����
)����,+� ��'1,�#+��)� �/�� �Q.�1'���� ���� �'1�"9��)� �/�� �00.��0+� �/���(+�

��



	�� !�).��� 4A�� �"��� �/��� �� '��<���1�1� )������"�� ��� ���9��� #�"'� �/�� ���",9���
".�1.��� �#���� �'1,�#�0���"��� �/�� ���",9��� ".�1.�� ��� 0,�11��� ���� ,�'������
����)������� ���� .���� �"� ���))��� �� "��� 1.,��� '.,��9�(���"��� �/��� 1.,��� ���
�)���� ��##����������� ���� �/�� 1"����9�� )"��)�1.,��� ��,������ � / �� �1�<�� #���,,+�
"(����������'�6���;��/��/����)��,�#�"'��/��0/"11���0"���0��� O"�� ��+���)��,P��
	�� 0��� �";� (�� '"9��� ��� ;�,,� �,"�)� �/�� ;�9�� (���)� �6�'�����

	�� ���� "#� 0".����� Q.���� 1��0��0�,� �"� ��[.��� �/�� 1�1� �������)� 1"����"�� ���
�/�� ��'�� '������ ��� ;��/� �� 1/���� '���.��'����� /";�9���� ��� ��� ��0"�?
9������� ���� ��'�� 0"��.'��)� �"� '�<�� �/��� �6�0���)� ��[.��'����� �9"����)�
�/���� �/�� '���� ���,� 0������� �� #��.0���+� "�� �.6�,���+� ���,� ;/�0/� ��� ,"0<��� ����
.�,"0<��� (+� �� 1���,� �;��0/�� �/.�� XC��"Y� "�� 1�1� ������ 0��� (�� ��� ��+� ���,�
1"����"��

F::::::
����	
�����+	

b::::::

! 	 � � � � 4A�� Dwell time measurement circuit

� " � 1�"9���� �� ;�+� "#� ,"0����)� ,";� ���.,���"�� ��������0�� "�� �/"����� ��
HBA� 9",�� /�:1"�� ����� ��� ��,#:0"��������� ��� ��� !�).��� 42�� �� ��"�� (.,(� ��� .����
�"�����0����(���<�";��

* "��,� �� :HB� ��� 1����0.,��,+� .��#.,� #"�� ����(,��/��)� 1/���� ��),���
(��;���� "��� ;�9�� #"�'�� ,+��)� ;��/��� ���� ���)��� ���� !�).��� 4H� �/";�� �/��
'��<��� "(�����(,��� ���'���,�� ���� �,�"� 1�"9����� �"� 0"���0�� 1/���� �/�#���)�
���;"�<�� �/���� "#� �� 0/"11��� ;/��� ��� (�0"'��� ��0�����+� �"� ��[.��� 0��0.���
"��0/"11���1/����

� / �� '��/"�� "#� ��[.����)� 0/"11��� 1/���� ��),��� .���)� �� ������"�� "��
������"�:0"�������� 0"'(�����"�� ��� ������� ;��/� �/�� ���9�� 9",��)��� ;��� ��?
�0��(��� ��� ��0��"�� 		�� !�).��� 25�� 	�� ;��� �/";�� �/��� �� 0/"11��� ;��/� ��
�"'���,� 1/���� ��),�� "#� 4BZ� 0��� (�� 0"�����"���� �"� 1�"�.0�� "�/��� 1/����
��),���
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Figure 63 describes a test circuit measuring average dwell time. As 
any deterioration will be reflected by the contacts as a change, usually a 
reduction, of dwell time, this is a most sensitive measurement. Results 
can be easily read on a DC meter movement, recording or indicating, as it 
will integrate the pulse arrival to provide an average dwell time. It is also 
easily calibrated by shorting contacts (open the chopper drive lead).

Measurement is made at low level, 50 millivolts, 50 microamperes, 
to avoid a possible “cleanup” of the contacts. The 50 microampere DC 
meter permits visual observation if a recorder is not available. If the 
meter has a scale of 100, the reading will be about 80, the meter being 
set to full scale by shorting the contacts and adjusting the series resistor 
(shown as 1000 ohms). Contact resistance shows as erratic and reducing 
meter readings.

FIGURE 63. G���� ����� �����	�����  
��	����� �"����� ��������� ��� ���������

A standard D ’Arsonval movement should be used, of course, since 
such an instrument will integrate the pulses delivered by the chopper 
contacts with fair accuracy.

Readings should be taken frequently when life testing choppers, and 
we firmly recommend not more than 24-hour periods. It is possible for 
contact resistance to appear, then disappear. Later tests may show an 
apparently good chopper but there may have been an open contact con­
dition in the meantime. Figure 64 is automatic life test equipment handling 
several hundred choppers. Once every few hours the dwell time is 
measured and recorded on strip charts. Complete records are kept and 
life test information is available for many years of testing. Once every 
hundred hours an operator examines all parameters of each chopper such 
as phase angle, noise, dwell time, hi-pot, etc., which is kept with the 
recorded data.
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Series 400 Series 600 Series 1400 Series 1800 Series 2300 Series 2400

Parameter
i M l

�

E p g i

Drive Voltage 
and Frequency

6.3 volts 
@ 400 cps

6.3 volts 
@ 400 cps

6.3 volts 
@ 60 cps

6.3 volts 
@ 60 cps

6.3 volts 
@ 400 cps

6.3 volts 
@ 60 cps

Noise 200 uv RMS max., 
1 megohm load

200 uv RMS max., 
1 megohm load

70 uv RMS max., 
1 megohm load

70 uv RMS max., 
1 megohm load

4  uv RMS max., 
100 ohm load

2 uv RMS max., 
100 ohm load

Switching SPDT, BBM DPDT, BBM SPDT, MBB DPDT, MBB SPDT, BBM SPDT, BBM

Shock 100G 100G 100G 100G 100G 100G

Vibration 5G,
to 500 cps

5G,
to 500 cps

5G,
to 500 cps

5G,
to 500 cps

5G,
to 500 cps

5G,
to 500 cps

Weight IV�  ounces max. 2 ounces max. IV�  ounces max. 2 ounces max. IV�  ounces max. 1% ounces max.

Life 2,000 hrs. min. 2,000 hrs. min. 2,000 hrs. min. 2,000 hrs. min. 2,000 hrs. min. 2,000 hrs. min.

Temp. Range — 65°C to 
+100°C

— 65°C to 
+  100°C

— 40°C to 
+85°C

— 40°C to 
+85°C

— 65°C to 
+  100°C

— 65°C to 
+  1003C

Phase Angle 65° ±15° 65° ±15° 21° ±10° 21 �  ±10o 30° ±15° 20° ±5°

Dwell Time 130° to 165° 130° to 165° 178° to 218° 180° to 220О 130° to 170° 150° to 177°

Dissymmetry 15° max. 15° max. 20° max. 20�  max. 18° max. 15° max.

Transit Time 2° 2° 0° 0° 2° 2°

Bounce 4° max. 4° max. 4° max. 4° max. 4° max. 4° max.

Contact Rating 100 VDC, 
2 MA max.

100 VDC, 
2 MA max.

100 VDC, 
2 MA max.

100 VDC, 
2 MA max.

100 VDC, 
2 MA max.

100 VDC, 
2 MA max.

Coil Resistance 155 ohms 78 ohms 108 ohms 54 ohms 300 ohms 155 ohms

Coil Impedance 270 ohms 131 ohms 120 ohms 60 ohms 315 ohms 185 ohms

Airpax Spec. #264 #244 #247 #252 #249 #248







� �%� � 	7 � � ������� "�� 1",����+�� 	#� "��� "#� '��+� 0/"11��� 1",���������
�.0/� ��� 0"�,� ,������ ��� ��9������� �/�� 0/"11��� '�+� �11���� 2>AZ� ��9�������
�/���;".,��1��9����'��+����9"�0��0.����#�"'�#.�0��"���)���/��� ��� �,,.��������
��� !�).��� R�� �",����+� ��� �������� �"� ����� ���� 1����+� ��#������ �#� ��� ��� �1�0�#����
��� ���'�� "#�&� � "�� �/�� 0"�,�� � � 0/"11��� ��� "#� 0".����� �� 1",���C��� ��,�+�� �/.��
& � � ��� "��� ����0��"�� �/�".)/� �/�� 0"�,� ;�,,� �,;�+�� 0,"��� �/�� ��'�� 1���� "#�
0"���0��� O�#� �/�+� /�11��� �"� (�� "1��P�� �/��� �/�� ���.�"���,� ���9�� 9",��)��
��� ������.1����� ��� ���1�6�0/"11��� ��'��.��� 0"'��� �"� ����� ;��/� �/�� '"9��)�
0"���0�� �)������ ���/��� "��� "#��/��#�6���0"���0���

! 	 � � � � R�� ?�����"��������@ ����	���A �� ����� ��-**� ������	�

�%��� � � � � �  %�� ��� �/�� ��),�� (��;���� �/�� ����� ;�9�� ���� �/��
(�)�����)� "#� �;�,,� ��'��� ��� '���.���� "�� �/�� (���� ,����� ���� !�).��� >�� �/���
��),�� ��� �"�� "#���� .���� (.�� ��� "#� �'1"����0�� ��� �"'�� 0��0.����

� � � � � � ��  %��� �/��� #",,";�� #�"'� �/�� ��#�����"�� "#� 0,"�.��� ��),���
	�� �/".,�� (�� �"����� �#� .����� �/��� �/��� ��),�� ��� )"9������ (+� �/�� �;�,,� ��'��
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� � * * � � � � 	* � �� 	�� �� '�<�:(�#"��:(���<� O* � � P� 0/"11��� 0"�?
��0���� ��� �/";�� ��� !�).��� 3�� �/�� ".�1.�� �Q.���� ;�9�� 1������� ;�,,� (��
������0�,� �"� �/�� � � * � �+1��� 	�� �/��� #�).���� ;/��� �,,� 0"���0��� ���� '.�.�,,+�
0,"������/���,)�(���0��.'�"#��/��9",��)����0�"��� �/�� ������"��� ���C��"�� ������0�,�
;��/� �/�� 0"�����"�� ;/��� �,,� 0"���0��� ���� "1���� �"' '"�� ��'�� '���.��'����
1�"9����� �� '"��� �00.����� ���� ����,+� '���.���� 0"���",� "#� (�,��0��� 	�� ��� �/��
0"�9����� "#� "##� ��'��� ���� �;�,,� ��'�� ��� �0�.�,,+� �/�� �Q.���� ;�9�� ,��)�/�
1,.�� �/�� 0"' '"�� ��'��

! 	 � � � � >�� Contact closing time is called closure angle.

! 	 � � � � 3�� In a make-before-break ( M B B )  chopper�
the sum of the common time plus free time is dwell time.

! � � � � � 	* � � ��� �� ���'� .���� �"� ���0��(�� �/�� �Q.���� ;�9�� ,��)�/� "#� ���
* � � � 0/"11��� 0"���0���� ��� ��� !�).��� 3�� !���� ��'�� ��� �/��� 1"���"�� "#�
�;�,,� ��'�� ;/��� "��� 0"���0�� ��� "1��@� ������ �/�� "1������)� 0"���0�� ��� #���� "#�
�/�� "11"����� 0"���0��

B





Noise is not specified properly until we have defined the circuit, the 
ground connections, specified the amplifier frequency range, defined the 
value as peak, average, etc., specified the meter used, which may be peak 
reading, average, or rms, and until we have called out the load resistance 
values. Finally, noise is still not specified until we can measure the noise 
originating in the chopper itself, and not in connecting leads or sockets or 
in nearby amplifiers.

FIGURE 12. Noise is the undesired signal from the contacts.

� � � � � �
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FIGURE 13. Offset is measured as the DC 
input required to “zero" the amplifier output.

OFFSET may be caused by the chopper, but is a function of the 
amplifier using the chopper. It is usually measured in terms of the amount 
of DC required at the amplifier input to return the amplifier output to 
zero. Offset is shown in the transfer function of Figure 13.
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Tbu~•T~� �� �	� � � � � � � ��� 0�.���� (+� �/�� �11�����0�� "#� 1";����
�;���� 0"���0���� .�.�,,+� "�,+� ;/��� "1������� ��� �� X� �+Y�� ����� 9��+� ,";�

,�9�,� 0��0.��� �/��� 9��;��� "�� ��� "�0�,,"�0"1��� �/�� 1������� #,.0�.�����
������0�,,+� ��� �/�� �11������ 0"���0�� ��������0�� 0/��)���� �/�� ��������0�� ���
'"��� ,�<�,+� �"� (�� �� ������� "#� "1��� 0��0.���� "#� 9��+� �/"��� ��'�� �.����"���
��'�,��� �"� !�).��� 2=�

!	 � � � � 2=�� ��������	������������� ���������		����� � ���������	��

%	! � �� �/��� "��� �'1"������ #�0�"�� "#���� �����'����� �/�� .��� "#� ��
0/"11���� �/"11���� ���� �"'���'��� ��)������ ��� .���,��(,��� 1��/�1�� �1�� �"�
Q.��� ;"�<��)� ;��/".�� ;�����)�� �.0/� ��� �(�",.��,+� �"�� ��.��� ��� ,����� ;��/�
���1�6� 0/"11����� �1���)�� �"� (���<� ���� 0"�,�� �"� "1��� .1�� (.�� �/��� <����
"#� #��,.��� ��� �"� ��'"��� ��� �"� �11�"�0/� C��"� Q.�����+�� 	�� �/�� �(���0�� "#�
"�/��� ,�'����� �� ��#�����"��"#� �/�� ���� "#� ,�#�� ��� �/�� ��'�� ���;/�0/� �1�0�#�0���"��
,�'����� ��� "#� 1/���� "�� �;�,,� ��'��� ���� ���0/���� ��� '�)/�� (�� �61�0����� �/��

0��0.��� .���� ��� �'1"������

� � � � �7�%��  � � �#�"'�0"���0����"�)�".��� ���� .�.�,,+� ,�'�����(+����
�������,� ���� )�1� �"� �� '�6�'.'� "#� HAA� 9",��� ���� (.�� #,��/"9��� 0�.���� �"�
��'�)��� � / �� 0"�,� ����� 9",��)��� 9��+� 0"�������(,+�� #�"'� 2BAA� 9",��� #"��
2AA:9",�� 0"�,�� �"� HAA� 9",��� "�� 4:9",�� 0"�,��� 	��.,���"�� ��������0�� ��� 9��+�
/�)/�� (���)� ,�'����� 1��'���,+� (+� ,��<�)�� �0�"��� ),���� ��� �/�� 1����
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�� � �	� � � 		�

* � � � � � � * � � �

*���.��'���� "#�0/"11���1���'������ ��� .�.�,,+� �"��� "�0�,,"�0"1�0�,,+��
��#"��.����,+�� '"��� "#� �/�� �9��,�(,�� 1/���� '������ ��1���� "�� C��"� �6���
0�"��:"9��� �"� '���.��� 1/����� O� / �� ;�9�� �"� (�� '���.���� ��� 0"�9������ �"�
�� �Q.���� ; �9�P�� �/�� 0"'1����"�� "#� ����� ;�9�� �"� ���1� ;�9�� ,��9��� �/����
'������ �"'�;/��� #�.��������

�/���� ���� �/���� 1"���(,�� '����� "#� '���.��'����� � �� 0��� ���1,�+�
�/�� 1������� ��� ��0��,������ #��/�"�� ���� '���.��� ,��)�/�� ;��/� �� �.,��� ��� ���
!�).��� 2B�� �����)�� �/�� 1������� ��� �� 0��0,��� !�).��� 24�� "�� '�6� �� '��<��� 1�1�
;��/� �/�� ��)��,�� !�).��� 2R�

! 	 � � � � 2B�� �	���������"�	������	������� �����

� / �� ��0��,������ ���1,�+� "#� !�).��� 2B�� ��� �/�� ,����� ������(,��� �/��
�00.��0+�"#��/�� '��/"�� "(9�".�,+� ��1����� .1"�� �/�� ,�������+� "#��/�� �;��1�
0��0.��� �'1,"+��� ��� ;�,,� ��� �/�� '���.��'���� "#� ,��)�/��

���.'��)� �� B:��0/� �0"1�� �.(�� ��� .���� ;��/� �� ���0�� =� ��0/��� ,"�)�� �/���
2� ��)���� �Q.�,�� =_�54AZ�"�� �A22� ��0/���� 	#� ��� �00.��0+� ��� �/�� "����� "#� 2�
��)���� ��� �"� (�� "(�������� ��� ��� ��0�����+� �"� '�<�� �� ,������ '���.��'���� "��
�/�� #�0�� "#� �/�� �0"1�� �.(�� �00.����� �"� �A2� ��0/�

�



This is rather impractical if the curvature of the tube face and parallax 
error are to be considered. Also most sweep circuits employed in oscillo­
scopes are not completely linear. Therefore, if an oscilloscope is used, it is 
essential first, that the representation of 1 or 2 degrees be of a sufficient 
dimension to allow accurate measurement, and second, that the sweep 
be linear.

FIGURE 16. Polar presentation provides a longer scale.

FIGURE 17. Marker pips permit measurement of chopper parameters.

Polar presentations provide a reading length x times longer, and 
also permit a 180° phase reversal to minimize error due to distortion and 
imperfect deflection accuracy. If a circle of 5-inch diameter is used, a trace 
length of 15.7 inches represents 360 degrees so that 1 degree equals 
15.7/360°or .044 inch. This represents a minimum distance which can be 
practically read on a scope tube face. The linearity requirement can be 
readily fulfilled by using low distortion amplifiers, and obtaining an 
accurate 90-degree displacement.
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� "� ��##�0.,�+�;�,,� (�� �61�����0��� ��� "(������)� �;"�9",��)��� 3A� ��)�����
".��"#�1/���� ��� �� #�6���#��Q.��0+�� ���� �1�0��,�0��0.���� ;�,,�+��,�� �/�� ��������
���.,��� "9��� �/�� �61�0���� #��Q.��0+� ���)�� "#� �/�� 0/"11��� .����� ������ � / � �
' �["�� ���"��� "00.����� �/�� � � � ���/�� ��#,�0��"��1,����� ���� ��,�"'� �6�0�,+� ���
3A���)����� �"� ��0/�"�/���� �����/�� 0��0,��(�0"' ��� �,,�1��0�,� �.�� �"���#,�0��"��
����"���"��� ���"��� �.�� �"� ����"���"�� 0��� (�� 1��0��0�,,+� �,�'������� (+� ��?
,�0��"�� "#� �/�� 0��/"��� ��+� �.(��� .���� ��� �/�� '���.���)� �Q.�1'����

�#���� �/�� 0��0,�� /��� (���� ����(,��/���� ��� ��� ��'1,+� ��0�����+� �"� ���9��
�/�� 0/"11��� #�"' � "��� "#� �/�� �;"� ��)��,�� �11,���� �"� �/�� � � � � ���� �"�
������.1�� �/�� 0��0,�� �.���)� �/�� "##� ��'�� "#� �/�� 0/"11��� 0"���0���� � / ��
���.,���)� 1������� ��� �/";�� ��� !�).��� 24�� � / �� #"��)"��)� ' ��/"�� "#� �;�,,�
��'�� '���.��'���� ��� �/�� ���.,�� "#� ��� �6�����9�� ��.�+� �"� �����'���� �/��
'"��� #����(,�� �+���'� 0"��������� ;��/� 1�"�.0��"�� 1��0��0��

! 	 � � � � 2>�� A simple circuit permits polar display.

A � ��,���9�,+���'1,��0��0.���#"����#�6���#��Q.��0+� ��� �/";�� ��� !�).��� 2>��
� " � '���.��� �;�,,� ��'��� ��� "�,+� ��'����� �"� 1,�0�� ��� �C�'.�/� ���,� "9���
�/�� 1������� ���� �"� ����� �/��� ��'�� ����0�,+� ��� ��)������ �"'�� ���"�� ;�,,�� "#�
0".���� ��'���������0���(��#.��/��� '���'�C���� ��#�����)� �)���� �"� !�).��� 24��
�#� �/�� �;"� �;�,,� 1���"��� ���� �����0/��)��� ��� ��'��� ���"��� ��� '���.��'����
0��� (�� ����0�,+�"(���9���� �/��� 0���(�� �"��� (+� ��9�����)� �/�� 1",����+� "#��/��
���9�� 0"�,�� ���"��� "#� '���.��'���� (���)� ����"��(,+� �/�� ��'�� "�� �/�� ��'��
����� "#� �/�� �0"1��� �/�� '���.���)� �00.��0+� ��� �'1�"9���
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!�).��� 23�� ��1�0��� �� ���/��� �,�("����� 1��0�� "#� 0/"11��� ����� �Q.�1'�����
��� ;/�0/� �1�0��,� �##"��� 1�"9����� ,";� ����"���"�� �'1,�#������ 1.�/:1.,,� ��#,�0?
��"�� ���� "�/��� '��/"��� "#� "(������)� �� /�)/� "����� "#� �00.��0+�� ��)��,��
/�9��)� �� 3AZ� ��,���"��/�1� ���� "(������� ;��/� /�,#:,����0�� ���;"�<�� ���
��� ���),�� ����(���� �����'����"��� ���� "1�����"�� "9��� �� ;���� #��Q.��0+�
���)�� ��� �/���#"��� 1��0��0�,� ���� ���+�

! 	 � � � � 23�� #�	��$��	��������� ����� ���������� ���������	� �	�����������

	��������

! 	 � � � � HA�� #�	����"�	�����������������	������ ��� ������ ������

�/���� ��),�� ��� '"��� ����,+� ����� (+� �/�� .��� "#� �� ���",9��� ���9��� #�"'�
�� 0�,�(������ ���,�� 	�� !�).��� HA�� �/�� ".�1.�� "#� �� �;":1/���� ���",9��� ���
0"'1����� #����� �)������ �/�� 0/"11��� ���9�� ���� �/��� �"� �/�� ��)��,� #�"'� �/��
0"���0���� �/�� ��##����0�� ��),�� (���)� ����� "�� �� ���,�� �/��� 1"���� "#� 0,"�.���
"#� �/�� 1������� �11����� "�� �/�� ��)/�� ��� !�).���� H2� ���� HH�
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The angular difference of the resolver shaft is the phase angle of the 
chopper. The accuracy of this method depends upon the accuracy of 
the resolver, low distortion waveforms, 90 degree displacement between 
the two voltages, and low phase shift in the scope amplifiers. All of these 
factors are controllable and hence, the accuracy of this method can be 
very good.

OPEN PATTERN CLOSED PATTERN

FIGURE 21. Resolver position giving straight line is termed “zero”.

OPEN PATTERN CLOSED PATTERN

FIGURE 22. Difference angle to close the step is chopper phase.

Choppers from Airpax receive several complete tests before shipment, 
and all are given 50 hours of operation. (W e thereby raise our quality 
level, eliminating any early failures). Results indicate this to be successful 
and our choppers exhibit a very high order of reliability and uniformity.
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FIGURE 26 Portable test set tor chopper measurement.



�� � �	� � � 			

* � � � � � � * � � � � �8 � 	�* � � �

� / �� 1���0�1,�� "#� /�9��)� �9��,�(,�� �� 0"����.".�,+� 9����(,�� 1/����
1��'���� �/�� �/���� �+1�� "#� 1���������"�� '����"���� ���,����� ��� ;/�0/� ��
'��<��� 1�1� ��� .���� �"� '���.��� �;�,,� ��'��� � � 1"���(,�� ����� ����� ���1�6�
��:HB�� ��� �/";�� ��� !�).��� H4�� ;/�0/� )�9��� �� 1������� 1��9�".�,+� �/";��
��� !�).��� 2R�� � �� �6�����,� �".�0�� "#� ��)��,� ��� ������� �"� ���9�� �/�� 0/"11����
���� ���"�0�,,"�0"1�� �"�9��;� �/��".�1.����/�� �Q.�1'���� /��� �� ��,#:0"��������
��'�� (���� ;/�0/� 0"���0��� �"� �/�� /"��C"���,� �'1,�#����� 	�� ��� .��(,�� "��
��+� 0/"11��� �"� '���.��� 1/����� �;�,,� ��'��� 0/������� (�,��0��� ���� /��� ��
��,#:0"�������� /�:1"�� ������ �/�� ���9�� '�+� (�� ��+� 9",��)�� .1� �"� 2BA�� "��
��+� #��Q.��0+� (��;���� BA� ���� 2AAA� 0+0,���� �/�� '���.��'���� �00.��0+�
��� �(".�� 2� ��)����

! 	 � � � � HR�� Simplified phase measurement circuit.

!�).��� HR�� ���0��(��� �/�� (���0� 0��0.���� .���� #"�� 1/���� '���.��'�����
�/�� �;":1/���� ���",9��� ��� �.11,���� ;��/� �� 0�1�0���9�� 1/���� �1,������� ;/�0/�

��� ��[.����� �"� 3AZ� #"�� ��0/� �"'���,� #��Q.��0+� ������)�� �� ��'1,�� '������
"#� ������)� �� 0�,�(������ ���,�� � / �� ���",9��� 1�"9����� /�)/,+� �00.����� 1/����
��),��� ;/�0/� ���� .���� #"�� �,,� '���.��'������ � " � 1�"9���� �� ��'1,�� '��/"��
"#� C��"� ��[.��'����� �/�� /".���)� "#� �/�� ���",9��� ��� �"������ �"� C��"�� ;/�,��
�/�#�� �"����"�� �.11,���� �/�� '���.��'����
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To provide a way of locating low insulation resistance or shorts, 
a 250 volt hi-pot test is self-contained, as in Figure 29. A neon bulb 
indicates a breakdown.

FIGURE 29. Hi-pot test circuit.

Model TE-25 is particularly useful for establishing phase angles 
between odd wave forms lying within its range, and Figure 30, shows 
the marker obtainable. Terminals are also provided to connect phase 
shifting networks ahead of a chopper, when it becomes necessary to 
adjust circuit or chopper phase.

FIGURE 30. TE-25 test set provides marker pips for various measurements.

The method of adjusting chopper phase angle, using a resistor or 
resistor-condenser combination in series with the drive voltage, was de­
scribed in PART I, page 7. It was shown that a chopper with a nominal 
phase angle of 65° can be conditioned to produce other phase angles.
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%�#�� ������)� ��� .��".(���,+� "��� "#� �/�� '"��� �'1"������ 0/"11��� �������
��"(�(,+� �/�� ,�#�� ����� 0��0.��� �/".,�� ��'.,���� �/�� 0��0.��� ���� 0"�����"���
�61�0����� �"�� <�";��)� �/�� �11,�0���"��� ;�� ,""<� #"�� �/�� ;"����� � / �� ;"����
���'�� �"� (�� ��+� 0��0.��� 0"�����"��� ���� �""'� �'(������ O�11�����,+� X/"�Y�
"1�����"�� /�,1�� ���1�6� 0/"11����� 0������,+� ��� �"��� �"� /��'P�� 	�� ��� �'?
1"������ �/��� �/�� '���.���)� 0��0.���� �"� �"�� X0,���� .1Y� 0"���0���� ;/�0/� ;�,,�
/�11��� �#� �/�� 0.������ ���0/��� ��� /�)/� ��� "��� '�,,��'1����� �1�����"��
;��/� C��"� 0.������ ���'�� �"� /�,1� 1";���� #"�'���"��� 0�.���)� 0"���0�� ��?
������0��� ��� '����"���� ���,����� �"���0�� ��������0�� �.�� �"� 1";���� #"�'�?
��"�� 1�"�.0��� ����).,��� ".�1.�� 1.,���� ��'�,��� �"� �� ��1��� ������� "#� "1���
0��0.����� 	���).,����+� ��� �.�� �"� �/�#���)� "#� �/�� 1";���� 1����0,��� ��� �/�� �����
9�(������� ��� "�0�,,"�0"1�0� 1������� "#� 0"���0�� ��������0�� ;��� �/";�� "��
1�)�� >�

! 	 � � � � 52�� Lite test measurement circuit avoids cleaning up contacts.

d�	�� ��� .����� �/���� ;"���� 0"�����"��� �/��� ;�� #���� ,�#�� #�).���� )����,+�
(�+"��� BAAA� /".���� ��� #�0��� ;�� /�9�� "(���9��� HBAAA� /".��� "�� ���1�6�
0/"11����� "1������)� ��� =AA� 0+0,���

!�).���52�����0��(����������0��0.���'���.���)��9���)���;�,,���'��������+�
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This is a rigid test to be imposed on a chopper, and in general 
provides a pessimistic measure of the chopper noise obtained in most 
circuit applications. Practical circuits may not have such a wide frequency 
response and may only be conscious of voltages over a restricted range. 
Chopper noise level also varies with the circuit impedance used at the 
contacts. The illustrated circuit is applicable only to the lower voltage 
drives, as 6 volts, and is shown connected for Airpax type 300.

Below about 100 microvolts of noise we are usually interested in 
relatively low impedance value. If measurement below 10 microvolts 
is required, an excellent test amplifier is the Volker and Schafer Model 
VS-64A, a “hushed” transistor amplifier having a minimum noise level 
a little below one microvolt, for low impedances and a rather restricted 
bandwidth.

Following sections, in particular those discussing Application and 
Theory, further elaborate on noise problems and circuits to obtain opti­
mum performance.
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PRACTICAL MODULATOR CIRCUITS

SECTION II

So much for the basic principles. What is required from a practical 
modulator, and how is it best obtained? Here are some of the factors 
that may need to be taken into account.

DESIGN CONSIDERATIONS.
1. Need for isolation between DC input and AC output.
2. Need to compare two input signals.
3. Need to compare two inputs at different potential levels.
4. Degree of immunity required to pickup, both series and common mode.
5. Effects of amplifier noise, hum and low frequency drift.
6. Stability considerations when there is overall DC feedback.
7. Source resistance and amplifier input impedance.
8. Output waveform desired.
9. Type of chopper available.

10. Conversion efficiency.
It is interesting to consider some practical circuits with these fac­

tors in mind.
SIMPLE GROUNDED CIRCUITS. The circuit of Figure 1, is a 

useful one when the input is initially floating, can be grounded on one 
side to the amplifier, and does not contain too much pickup. It is econom­
ical in contacts, and allows the other half of an SPDT chopper to be 
used to demodulate the amplified signal, or to act as modulator in a 
second amplifier. One or other of these arrangements is common in the 
subsidiary chopper amplifiers used to stabilize direct-coupled amplifiers 
for analog computer use. The circuit is not particularly efficient, since 
input current is drawn to no useful purpose every time the switch closes, 
and for this reason an on-to-off ratio less than unity is sometimes used.

More efficient is the SPDT circuit of Figure 3, which eliminates 
the wasteful drain by using another contact. Efficiency is not usually a 
very important consideration however, unless the limits of noise are 
being approached. Of greater importance is the fact that both these 
circuits are very susceptible to pickup at the chopping frequency, this 
being at least partially passed on to the amplifier and so causing a DC 
offset. Thus, both are likely to be unsuitable where there are long input 
lines, such as occur in thermocouple temperature measurement, unless 
the chopping frequency differs from that of the supply mains.

COMPARING TW O INPUTS. There are in principle two ways of 
comparing two DC signals so that the modulator output depends on 
their difference.

The simplest and most accurate is to connect the two signals in series 
and apply the difference as a single input to circuits such as those in Figures
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1 and 3. In this case one of the inputs is operated at a varying potential to 
ground, assuming the load to be grounded. However, a slight modification 
(Figures 5a and 5b), in the connection of the load resistor to the DC 
carrying loop of the circuit permits both inputs to operate with one side at 
ground potential. When the two inputs are equal, the coupling capacitor 
becomes charged to the common potential and there is no AC output. Either 
input can be filtered.

In the other method, shown in Figure 6, the two inputs must be of 
opposite polarity to ground, in contrast to the above, and are summed as

FIGURE 5. Two grounded inputs can be compared in series.

currents through two accurate resistors onto one point. Sources of low or 
known resistance must be used, and the accuracy of comparison depends 
on that of the resistors.

A CAUSE OF LOOP INSTABILITY. The circuits shown in Figure 
5, may be a subtle cause of instability in cases where one of the inputs is in 
fact a feedback signal derived from the amplified and demodulated output.

Consider either circuit and assume that both inputs are suddenly 
raised by the same amount. Since the circuit time constants are several 
cycles long, the coupling capacitor takes a few cycles to charge up, and the 
AC output signal meanwhile takes one of the forms shown in Figure 7.
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component, the feedback signal should be introduced at input No. 1, and 
Ri should preferably be small compared with R 2. The AC signal then has 
the phase associated with too large a feedback signal, and so tends to 
reduce it. Injecting the feedback at input No. 2 in this circuit is bound to 
give the effect of a lag. In the SPDT circuit, the resistor associated with 
the feedback input should be the lower of the two.

The difficulty is avoided if the two inputs are compared first, either in 
series or by parallel summing through resistors, and then fed in as one 
input, provided that no filtering is employed.

An ideal arrangement, though a more expensive one, is to use a fully

FIGURE 8. Fully balanced system minimizes instability problems.

balanced modulator such as the SPDT transformer-coupled circuit shown 
in Figure 8. The amplifier then handles pure AC, with no changes in DC 
level even during transient conditions. Use of a balanced demodulator is 
an added safeguard against unbalance developing in the modulator. It also 
eases the smoothing problem, and it is worth noting that, in the ideal case, 
with perfectly synchronized demodulation, zero transit time in the switches, 
and no droop in the waveform, no smoothing is required at all.

PICKUP. Unwanted AC signals reaching the input of a chopper-type 
DC amplifier may seriously affect its accuracy, either by causing a DC 
offset or by blocking the later stages of the AC amplifier. They are 
classified under two headings.
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cause trouble in sensitive modulators. Hence the coupling capacitor must 
be of a suitably high quality. If the current sensitivity of the system is high, 
or the chopping frequency low so that a large actual capacity is needed, it 
may be impossible to achieve the desired insulation resistance in a single 
capacitor, and in this case a two-stage CR output filter will solve the prob­
lem. The voltage across the first capacitor, due to leakage through the 
second, is so small that leakage through the first one can be neglected.

Precisely the same trouble can be caused by slow variations in 
the potential between the amplifier terminals, even if the capacitor is 
perfect. Heater voltage changes in valve amplifiers, or temperature-induced

������ (

FIGURE 11. DC isolating circuit is equiva­
lent to grounded circuit in the steady state.

changes in base to emitter voltage in transistor amplifiers may dispatch 
slowly varying currents to the chopper, causing in some cases disastrous 
temporary swings in the demodulated output. The solution is the same, 
namely to use a two or three stage high-pass filter which transmits the 
chopped signal forward to the AC amplifier but attenuates slow changes 
in the opposite direction. The arrangement is shown in Figure 12, and in 
the steady state is equivalent to a single resistance load whose value is 
equal to the filter resistances in parallel. Balanced input arrangements are 
considerably better than one-sided circuits, and symmetrical transformer- 
coupled arrangements are fairly immune.
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RULES.
1. A given input voltage, injected in any part of the DC loop, always 

produces the same AC output. (Otherwise two equal and opposite 
signals would not give zero output.) In other words, the circuit 
gain, referred to any input position, will always be the same for a 
particular circuit.

2. No matter where a given input voltage is injected, the mean DC 
circulated in the DC loop is always the same for a particular cir­
cuit. In other words the input resistance is the same at all points 
in series with the DC loop.

3. If two separate inputs are both filtered so that each source re­
sistance carries steady DC, they can be considered as a single 
filtered input (Figure 15).

FIGURE 14. Inputs summed on one contact reduce to a single input.

4. If one input is filtered and the other is not, the circuit cannot be 
rearranged in this manner unless (as quite often occurs) one of 
the source resistances is negligible.

5. If neither input is filtered, the circuit cannot be rearranged unless 
the current pulses through the two source resistances have the 
same mark-space ratio. In general terms they do not, although in 
specific circuits they often may.

We can now list the basic capacity-coupled circuits which are needed 
to describe the steady-state operation of a very wide range of practical cir­
cuits. It turns out that there are six. There are three common switching 
arrangements:

1. On-off.
2. SPDT, BBM.
3. SPDT, MBB.
Both SPDT circuits have the moving contact connected to the output. 

One can envisage a two-pole changeover circuit as well, but it would seldom
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be as low as possible, and R > should have the optimum value, R 2 
(opt) =  y/RiRl/x, obtained by differentiating the expression for gain with 
respect to R 2.

Inspection of the expression for gain shows that if there is only one 
source having appreciable resistance, it is better to make this No. 2 input, 
in which case R  ̂ can be made zero and R 2, which should then be as low as 
possible, is the source resistance in question. In other words, the shunt­
switching arrangement is better than the series-switching arrangement. If, 
for some reason, the only source having appreciable resistance has to be 
made No. 1 input, then R 2 is a circuit resistor and should be given its opti­
mum value. If there are two sources, each with appreciable resistance, then 
Ri should be the lower of the two if the only consideration is obtaining the 
greatest possible gain. In practice, stability considerations will probably 
decide which input is which.

FIGURE 16. On-oif modulator. Circuit states.

ON-OFF MODULATOR W ITH FILTER. It is sufficient to consider 
the circuit with one input filtered and the other not filtered. Should both 
be filtered, they can be lumped together and considered as a single input. 
It does not matter which input we consider, so let it be input No. 1.

Assume then, that a filter capacitor is connected across input No. 1 
after the source resistance Ri, which becomes part of the filter. There may
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in fact, be separate source and filter resistances, but it makes no difference. 
The circuit is depicted in Table 1. The gain and input resistance from this 
capacitor onwards are obtained by writing Ri =  0  in the expressions 
already obtained.

The gain from input No. 1 is therefore:
Rin  2� � 3 � � 0 � 444Gain =  A  1Kl _  о, X

4n (K, = 0) 1 _!_ vT— 4 - — -L
�� �!"���!����!�#

And the input resistance from the same point is:

Input resistance =  R t +  Rinut, = 0> =  R t +  R 2 +  ( д / У �� 3

Again these expressions apply for both inputs. Again i?i should be as 
low as possible, and preferably zero, while R% should have an optimum 
value which in this case is �� 2 (opt ) =  \/RiR3. The circuit can be arranged

19



in two ways, as shown in Table 1, by reversing the positions of R2 and the 
switch. These are clearly identical, since the alternating voltage across R 2 
must be the same as that across the switch.

COMPARISON OF CIRCUIT EFFICIENCIES. As we have already 
seen, there are many factors which govern the choice of circuit type, and

TABLE 3. Properties of SPDT, M BB circuits.

efficiency is only one of them. The main value of the expressions listed in 
Tables 1 to 3 is therefore in assisting the choice of component values, and 
assessing the performance of an already chosen configuration. Nevertheless 
it is interesting to compare the circuits on the score of efficiency.

20



�����+� /� L� ����5� �Hm� ������� � �	�� � � � � � � � �

� � �%� � =�� V����� ��� ��	������ ��"���� ����� �� �� ���	��� 	����������

��







���*	��%� �� O�"��W�P
Z/� R � ����0/��)�� ���;�� #�"'� �[� �.���)� �/� � 0".,"'(��
? �� R � !�,���� ��������0��� "/'��
? /� R � ��"11��� ��������0��� "/'��
? -� R � %"��� ��������0��� "/'��
? U�� m �?8��T�[� � "/'��
? 9� R � ��0"����+� ;�����)� ��������0��� "/'��
?N�� m � ?�T�/� �"/'��
? �� R � ��������0�� "#�1��'��+� ;�����)�� 0/��)�"9��� 0��0.���� "/'���

=? �� % � ��������0�� "#� 1��'��+� ;�����)�� � �&�� 0��0.���� "/'��
? �� R � ? / � p � ?� �� "/'��

?�� R � ? U�� p � ‹Uh�� "/'��
? *� R � 	�1.����������0��� '���.���� ��� �P� �"/'��
? �� R � ?�? �T@? � � p � :�(P�� "/'��
M� m � �+0,�� ��'��� ��0"���

H-H� m � �.,��� ��'�� 1��� 0+0,��� ��0"���
=-†� m � �"' '"�� ��'�� 1��� 0+0,��� ��0"���
H-=� m � �1��� ��'�� 1���0+0,��� 0/��)�"9��� 0��0.���� ��0"���

m � ]��"�� � �& � � 0��0.���
& � m � &���0�� ��1.�� 9",��)��� 9",���
&P� m � 7",��)�� �0�"��� ����9",���
& \� R � �; �0��'����".�1.��9",��)���.���)� -H��9",���

� � �� � 	� � � � � ������������ ���

! 	 � � � � 2R�� +33� �	�����	��	� %� �������� ��������	��

��



TH E GENERAL CASE. The two practical circuits and their single 
equivalent circuit are shown in Figure 17. Both need an input filter so that 
the transformer is fed from a low-impedance source and the waveform is 
as square as possible. Both need a stopper resistance to control the current 
drain from the filter capacitor during switchover. The changeover switch 
is assumed to be made up of two MBB, SPDT choppers, each having a 
common time per cycle of 2 f3, and slightly out of synchronism. This is 
equivalent to a common time per cycle of 4 tA in the SPDT circuit. When 
all three contacts of the SPDT circuit are joined, the shorted primary

CONTACTS
MADE

FIGURE 18. Waveforms of output voltage and magnetizing current.

looks to the filter like a resistance Rp, since equal and opposite currents 
flow in the two half primaries, and induce no net flux or back e.m.f. The 
stopper resistor is therefore labelled R 2 — R,,, so that the single equivalent 
circuit is true for both cases. Transformer leakage reactance and self 
capacitance are neglected, but losses can be accounted for if necessary by 
assuming the load resistance to include the transformer loss resistance.

The filter capacitance is assumed large, so that steady voltage exists 
across it when steady-state conditions have been reached after a number 
of initial cycles. Figure 18, shows the typical output voltage waveform in 
which both the droop and the common time have been exaggerated for
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2. Put íj =  0, so that in consequence 2t> -f- 4t2 =  fj. This is always 
true of the SPDT circuit, and the changeover circuit would always be 
set up so that it were true initially.
3. Write R ‘i as R J k 1 so that к appears explicitly in the expression.
4. Write R ct>/L as B, a quantity which we have already assumed to 
be less than or equal to unity.
Assuming the foregoing, and no more, we can simplify the expression 

for gain to:

Gain =
k \ —  +  * l"|  - f  — [*1 +  4 —  — 1 - f  —

�� R,� ����� �� �� ��� �	��� 6�� ��
T o simplify matters still further, and because L  can often be made 

large, we next assume L  to be infinite. (Just how large L has to be to make 
this legitimate can be deduced very easily, but the resulting expression is 
not very informative. ) We then obtain:

Gain (L  infinite) = ,

+ � � ���� +  4 —  —  ]  
к L tx K2 J

There is clearly a value of R 2 which makes this a maximum. Since R �  is 
merely a circuit resistor, we are interested in this value which is:

R 2 (opt) = 4 (for any value of k )
t\ k2

Similarly, there is a value of transformer ratio, k, which makes the 
gain a maximum. If one is designing a circuit, this too is under control, 
and we are interested in it.

к (op t) = ----- — ------  ̂( 1  +  ^ \ (for any value of R 2)
Ri +  К* / \ R» )

If R2 and к are both optimized at the same time, we get:

R 2 (opt opt) =  R x -j*-

k (opt opt) =

The last expression is the same as obtains for correct matching in sine wave 
circuits. Putting these simultaneous optimum values into the expression 
for gain (L  not infinite) we obtain the optimum gain:
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SECTION V
ANALYSIS OF BBM  TRANSFORMER-COUPLED M ODULATORS

BBM transformer-coupled modulators nearly always take one or the 
other of two practical forms, namely the two-pole changeover circuit 
(Figure 20a) or the SPDT circuit (Figure 20b), both of which are 
represented by the single equivalent circuit shown in Figure 20c.

Unless the source resistance is exceptionally low, it should be followed 
by a filter capacitor. This not only provides filtering and an output wave-

Rw

FIGURE 20. 33+ � �	�����	��	  — �������� ��������	��

form having an almost flat top, but also prevents losses which otherwise 
would be caused by the transformer magnetizing current flowing through 
the source resistance. The filter is never short circuited, and no stopper 
resistance is needed between filter and transformer. But a buffer capacitor, 
Сь, is frequently required to absorb the magnetizing current during the off 
time, and so control the voltage reversal which then occurs.
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As Y varies, this has a maximum value of:
Gain (opt) =  ��� � �� 	  
given by Y (opt) =  �N?!T?�

Thus correct matching requires the same transformer ratio as would be 
used in sine wave circuits. The above simple expressions are adequate for 
most practical cases where G is large.

SIGNIFICANT WINDING RESISTANCE. With large G and many 
turns, winding resistance may sometimes become significant in relation to 
the load resistance, causing a drop in gain. A more accurate set of ex­
pressions is then:

�@?P +  ?  A  +  ?8�

Y (opt) =  \ /K .i/(* . +  « , )

Gain (opt) =  л /Я з /(1?1 +  ? A

where ?   is the sum of primary resistance (half primary in the SPDT 
case) and reflected secondary resistance. In most cases, the more approxi­
mate value of Y (opt) would be used, the gain being checked by the first 
of the above expressions.

G VERY LARGE. If L is so large that the intermediate waveform 
steps are close to the baseline, a further refinement can be made in the 
analysis. Assuming that G is infinite, but allowing for winding resistance, 
we see that the mean input resistance at m< is:

^ - ( R M. +  R 3/ * 2)

+  * з /* 2)
Hence &�� R � & � % -------- -----------------------------

(* •  +  К з/*2)

?$T�8 /  R ,
&� ? �  +  ?!T�/

("TTRl +  R“) + T ?
And Gain =  /��

Whence Y (opt) =

And Gain (opt) =

The gain, measured in terms of peak-to-peak output, thus increases 
with increasing off time, but of course the pulse width decreases. Long off
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The effects of under buffering (Ci, too small) and of over buffering 
(C 6 too large) are shown in Figures 23a and 23b. Both involve a loss of 
energy which can be shown to be proportional to the buffering error and 
the nominal value of C&. In the sine wave analogy, the current drawn by 
an incorrectly resonated inductance would be proportional to the error 
and the nominal capacitance.

a UNDER BUFFERING  

Cb TOO LOW

A OVER BUFFERING 

Cb TOO HIGH

FIGURE 23. Voltage waveforms — incorrect buffering.

M AGNITUDE OF L AND Ctl. A complete analysis of the circuit has 
been given by Evans*who shows that it is possible to choose an ideal buffer 
capacitor, giving just the right amount of reverse swing, provided that:

L  ^  U  f ,

-д Г  ^  T  t0 TÕ aPProximately>

for values of off time typically found. With very small off times, somewhat 
larger values of L are permissible. The above condition covers off times up 
to about 30%  of the cycle. We may note that this condition takes over 
approximately where that for the “high L” case with no spikes left off, since 
fi/5  is roughly equal to t2/2.

The ideal value of buffer capacity is given by:

*Evans R. H., Vibratory Power Converters. Proc. I.E.E. Monograph No. 109 R. 
September, 1954 (102C, p 62).
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SOME INPUT CIRCUITS

A frequently used modulation method is the circuit of Figure 25, 
a half wave modulator. The input is periodically shorted to ground, and 
the resultant pulse is shown. The waveform shown represents negative 
DC input (because the pulse is positive going), and the peak-to-peak 
wave height at the input grid is about the DC value at the amplifier 
input. Often the remaining contact is used to demodulate at the 
amplifier output.

FIGURE 25. Waveform of a half wave modulator.

Ю О К

FIGURE 26. Full wave modulator show­
ing capacitive effect during off time.

A slightly more sophisticated circuit, but one which ties up the 
other contact, is shown in Figure 26. (The other contact might be used 
for a rectifier, or to modulate another amplifier.) During the transit 
time of a break-before-make chopper in the circuit of Figure 26, the
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example of a -network combination to obtain a more sophisticated function. 
Integration is probably the most difficult function performed in analog 
computation. The accuracy of a chopper stabilized operational amplifier 
is limited primarily by leakage current in the capacitor and by grid current 
in the input tube. Both can be made extremely low in good design, and 
integration accuracies better than 0.1% are practical.

In Figure 5, we have the schematic of a chopper stabilized amplifier. 
The DC amplifier is composed of an input bidirectional amplifier followed 
by two more direct coupled stages, the output being a 6AQ5. This requires

DC AMPLIFIER A

FIGURE 5. ] ���� ����� . � � ���	�������  
� � � �����	�  ���� � � � � � �	 � ��� � ���! � ��� � .

the two supply voltages at -}-300V and —250V. The chopper amplifier 
contains three ?�  coupled stages. The 5751 is a ruggedized version of the 
more common 12AX7.

To explain how this circuit utilizes the inherent stability of the 
chopper amplifier, consider its performance at DC. The capacitor Сг 
blocks DC from the first grid of the top amplifier #�  This connects the two 
amplifiers, G the chopper amplifier, and #  the DC amplifier, in series 
beneath the feedback loop consisting of the signal mixing through Z f and 
Z/, which we shall lump into a feedback factor ���  Since this is a linear

)



feedback amplifier, relationships between the various variables are most 
simply expressed in the language of the signal flow graph/ In Figure 6, 
the through transmission from input e, to output e„ is the product of the 
two amplifier gains. The feedback is /?. Since A is a DC vacuum tube 
amplifier, it is susceptible to drift which is referred to its input as an 
injected noise n.

The output is simply:

e„ = GA
e i + n = GA (GH�BIJ�K�(L4��0I1 -PGA 1-pGA 1-I3GA \ G /  -/?

This expresses the obvious fact that the noise (offset and drift), as it

appears in the output, is down by the factor compared to the input
signal. This is an echo of the old maxim that noise in the output stage 
is much less troublesome than noise in the input stage and this is precisely

the reason why chopper stabilization works. The name chopper stabilization 
seems to imply that the chopper is in some sort of corrective feedback 
loop which senses the drift at the input and counteracts it. This is a 
misleading and highly awkward way of looking at the circuit.

Of course, the circuit characterized by Figure 6, would be frequency 
limited by the low pass band of the chopper amplifier. Now a chopper 
amplifier as shown in Figure 7, is a sampling data system of sorts. The 
sampling rate is the chopper frequency in this case, so that the theoretical 
frequency that can be passed without distortion is one-half the chopper 
frequency. If one desires to filter the chopper frequency and its harmonics 
from the output, as we surely do in our case, the pass band is further 
decreased by the filter R 4 C6. In our case R 4 C« =  20, so the upper 
cutoff frequency of this entire amplifier is about .008 cycles per second.

4 Feedback Theory —  Some Properties of Signal Flow Graphs, S. J. Mason, Proc. 
I.R.E., September 1953, pp. 1144/1156.

5



� �� �/�,,� ���.'�� �/��� ��� /�)/� #��Q.��0����� �/�� 0/"11��� �'1,�#���� #��Q.��0+�
0/���0�������0�� ���� �����'����� 0/��#,+� (+� � =� ���� �L�

� " � .��,�C�� �/�� ;���� (���� 1�"1������� "#� �'1,�#���� A � O�(".�� 2A� S T P��
�/�� �'1,�#����  � ��� ��'1,+� (+1������ ��� �/";�� ��� !�).��� >�� � /�� �������,�
,""1� )���� ��� #��Q.��0���� (�,";� �AA>� ���� ��� GA;� �("9�� �AA>� ��� #�,,�� "##�
��� KHA� & � �� �0� � � � �"� A � �,"��� .���,� ��� 2A� ST� �/�� ������� �'1,�#���� �.��

! 	 � � � � R�� Chopper amplifier is a sampling system.

P
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! 	 � � � � 25�� Electro Precision Operational Amplifier.
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the chopper, it is obvious that phase adjustments are likely to be involved.
Part 4 of this series discusses the question of adjustment of the chopper 
phase rather extensively.

Figure 18, is the circuit of a chopper amplifier designed for the digital 
presentation of tachometer information. In this application, the shaft 
speed is sensed magnetically and delivered to an Airpax Magmeter fre­
quency detector whose output is essentially DC, the average value being 
a linear function of frequency. The parameter presented to the chopper ^
amplifier input is the integrated average current, and Figure 18, is 
essentially a milliammeter with digital reading. The chopper compares 
the current input with the 1,000 ohm potentiometer driven by the servo 'v-'

P0� ��	

FIGURE 17. ,���	��  �"�� �	��� ������	� �	����	�� ���	��	��� ������

motor. The digital presentation is a mechanical turns counter driven by 
the motor.

, The chopper output is, of course, a square wave whose phase and 
anyplitude are a function of the polarity and amplitude of the different 
signals appearing at the chopper output. The 10,000 ohm resistor in series 
with the base of the first transistor provides limitation of the relatively 
high signal level which can occur at a distance from the null. A complete 
tachometer employing this circuit appears in Figure 19.
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FIGURE 18. Electronic circuit for digital presentation of current values.
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Chopper amplifiers have been of particular use in digital voltmeters, 
because of the pressure naturally arising for maximum gain, freedom 
from drift, good linearity and fast response. This kind of performance is 
most readily obtained with a mechanical chopper. Other modulation 
methods can approach this performance, but none can surpass it. In 
company with a vacuum tube input, it becomes possible to obtain high 
impedances in addition.

There are two general types of digital voltmeters, both of which 
employ the sampling technique. One is a direct reading device employing 
a zero hunting servo, and the other a manual adjustment of the potentio­
meter, employing many decades. This second device is also a zero hunting 
servo, with the gain of the technician interposed in the feedback loop. 
It is notable that the technician as an amplifier has an excellent signal 
to noise ratio and while occasionally considered unreliable (like choppers), 
has a tendency to outlast the rest of the gear (like choppers).

FIGURE 21. ������	� ��������	� ������ ��	� !�	��

Figure 21, shows one common type of zero hunting servo amplifier. 
The chopper performs a sampling function and delivers the sample to 
the amplifier; in this illustration the sample is the difference voltage 
existing between the unknown and the reference. Please note an additional 
factor. Capacitor Ci is essentially an integrating device, and delivers 
to the amplifier the average difference value. Thus it tends to delete noise 
spikes in potentiometer ? �  The motor at the amplifier output is so phased 
that it drives toward zero signal as summed in the chopper input.

Several devices, 9- 10' 11 have been built using this principle such as 
the digital voltmeter of Hycon Manufacturing Company, 1030 South

n Design of a Ratiometer, Kuehn, Electronic Equipment, November 1955.
10 Digital Presentation Vacuum-Tube Voltmeter, Nuut & Munsey, Electronics, 

January 1956.
11 Digital Voltmeters, Editor, Electromechanical Design, June 1958.
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noise spectrum and delivers this limited spectrum to a chopper de­
modulator. The random signal thus obtained has a variety of interesting 
uses, such as the representation of turbulence, computation of air foil 
stresses, and the development of probable courses of action in war games.

Figure 28, describing the performance of the filters and the spectral 
density of the final signal delivered, is particularly helpful in illustrating

О

350-450 CPS 
NOISE INPUT

>

FIGURE 27. ������	� ����� ��� � ������	� ��	� �� ������ ����	���	�

FIGURE 28. (����	� 	�������� ���� ������ �����	��  
� � � � ��� � �� � � � � �� � �� �� � � �	 � � � � � " � �� � � � � � �

the principle. A demodulator is a duality, being a modulator when viewed 
differently. In this application, the chopper can be considered a mixing 
device, since the output is essentially the sum and difference of noise 
signal plus the heterodyned frequency of 400 cycles. Since the random 
noise delivered at the filter output covers the spectrum of 350 to 450 
cycles, as shown in Figure 28, the output will be 0 to 50 cycles. A low
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The Collins Radio Company manufactures UHF direction finding 
equipment, employing the Type 199. Figure 34, describes one of their 
products, the ARA-48, used principally in military aircraft. The chopper 
is used to modulate the signal picked up by a rhombic antenna in a 
somewhat similar manner to the ADF receivers used at frequencies up 
to 1000 КС. The rhombic antenna is driven to a null between the forward

FIGURE 34. �������� #?#8)9� M7(� ��	������  
�������� ���������� �������� #�	��$� 6::� ������	�

FIGURE 35. +�������	� ��	����� ��	�����  ���� �	�������� 	��������

and back cardioid patterns. A terminated rhombic antenna has a uni­
directional cardioid pattern, and the double pole double throw chopper 
contacts switch the input to the VHF receiver, and also the terminating 
resistor from front to back of the antenna.

A method of extending the possible response time of a chopper 
amplifier is reported by Raymond Bark of Boeing Airplane Company. 
In Figure 35, assume as one suitable arrangement, that ? $� R � ?�� R  R 3 ,
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stage peak rectifies the amplified signal, biasing the grid of the final. Indica­
tion is provided by a 500 microampere meter, which is also used to read 
voltage. At zero signal the meter is at full scale and at lesser values with 
signal, thus it is obviously impossible to damage the movement by over­
load. Stable bridge voltage is supplied by the magnetically regulated power 
supply. As mentioned, a VX-55 electrometer tube is used at the input to 
eliminate the input capacitor and permit direct coupling, possible because 
of the extremely low grid current of the VX-55.

Another use to which choppers can be put is that of component re­
solving. Two choppers running 90° out of phase are used to demodulate 
a carrier signal. Since the chopper is a phase demodulator, the DC com-

FIGURE 40. “e D� ������	� ��� �	�"��� ��� �����

 ���  e,„  ����� ���� BxD� ������	� ����� � �  —- — .
,

ponent in the output of one of the choppers is r ���� z�  while the DC com­
ponent in the output of the quadrature chopper is r cos z, where r is the 
amplitude of the carrier wave and z is its phase angle with respect to some 
arbitrary chosen reference phase. Such a system then takes a carrier wave 
of the form r ���� @ �  -f- zA and breaks it down into its components. By 
applying these two components to the $ and W inputs of either an oscillo­
scope or a pen recorder, it is possible to represent the input wave as a 
vector or a phasor on a phase plane. In this way, it is possible to draw 
Nyquist diagrams directly. Figure 40, shows such a component resolver
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The role of a prophet is always risky. Nevertheless, certain facts are 
self-evident. The electromechanical chopper is not likely to disappear. 
As amply pointed out, it is uniquely capable of multiplication by almost 
zero and almost 1. Transistor choppers have invaded the art, but as they 
did the science moved on to greater precision. Thus while transistor devices 
can reach to 100 microvolts, electromechanical ctioppers move down to 
1 microvolt. Since the reliability of moving contact devices has also become 
exceedingly good, it is reasonable to expect that electromechanical choppers 
will see many more years of use.

The literature of the chopper art is pretty extensive. Our following 
tabulation of articles includes information on how to avoid choppers, how 
to use choppers, a variety of chopper substitutes, and on allied subjects. 
It is reasonably complete in the English language. No such claim for 
completeness is made for the patents listed, nor, as has been pointed out 
earlier, are we always able to decide what is claimed to be invented. Patents 
and articles are both arranged in an approximate chronological order.

4



�� � �	� � � 			�

� � � � � � �

� � � � � � � � � 	� � � 	� �

�"�� 2�5R>�R2H��#�,��� J��.��+� 2R�� 232>�� J�� ��� *�,�"��� � * �%	! 	� � �� �"���+�
0"''.���"�� ��9�0��� ���� .���� #"�� '"�.,���"�� ���� ��'"�.,���"��� 1��'�����)�
�'1,�#����.���"����,�)��1/���)��,��"#� 2A:HA�0+0,�����.��"��� ���� �����#"�'����
���� .����� ��������� 23H2� ���� ����)���� �"� �������� ���"��� � ([�0�� ;��� �"�
�'1,�#�+� ;��<� ��,�)��1/� ��)��,�� "�� �.('������ 0�(,���� � � �.���� 9�(�����)�
����� ��� .���� ��� ��0��#���� ��� �� 9������"��� �,�"� �� ��+� ��0��#����� �.�1.�� ���9���
��,�)��1/� �".������ !�,���� .���� �,�"�

�"�� H�255�4RA�� #�,��� �"9�'(��� >�� 235B�� ��� �0/.0/'����� 7 �%� �  � �
* � � � � � 	�  � � � � � � * �� �0/"� ��1�/� �".����� �11,�0���"��� � �' �� �����9�,�
'���.����(+��'".���0�1�0��"�����0/��)��� ����/�����'��� �/��)�� "��0�1�0��"��
0"'1����� �"� ��������� (+� '����� "#� 0/"11���

�"�� H�22=�H3>�� #�,��� �"9�'(��� 23�� 235B�� ���  .���� � � � � � � � � � � ! � � �
	�& 	� � � 	�  � �* �%%� �%� � � � � * � � 	7 � � !� ������ * "�"�� ���9���
0"''.���"���'"�.,����������'"�.,�����/����1.������".�1.��"#�����'1,�#����

�"�� H�HHB�RAA�� #�,��� &�0�'(��� HA�� 235R��  �� !�� %���)�� � � � � * � � � � �%� �
� � � � � � � � � �� �/"11��� 0"'1����� '���.���)� �/��'"0".1,�� �"� ��#����0��
�/��'"0".1,�� ��� "�,� (.����� 0"���",� �11,�0���"��

�"��H�5H5�344��#�,����0�"(���R�� 235>��*�.��0�����C���� * �%	! 	� � ������)����
�"� �� � �� �/"11��� '"�.,����� &� � ��)��,� #�"'� 1/"�"�,�0���0� 0�,,�

�"�� H�H3R�B=5�� #�,��� �.).��� 5�� 2353�� ��� �(��/������ ��� �,�� & �7 	� � � ! � � �
� * �%	! � 	�  � & 	� � � � � 7 �%��  � � � � � � � � � � � � �� �/"11��� '"�.,�?
��"��� &� � #���(�0<�� �"���+� '"�.,��"��� 0�1�0��"�� '"�.,��"��� ��'"�.,��"��
���;"�<��� ����)���� �"� �,���� ��"1���+� �.��"�����

�"�� H�=25�R>>�� #�,��� * �+� 22�� 23=H�� ��� ��� ���)������ ��� �,�� � * �%	! 	� � �
! � � � �* �%%� 7�%�� � ��� ����)���� �"�  �����,� *"�"���� ��'� ���9���
0/"11��� .���� �"� '"�.,���� �/��'"0".1,��9",��)�� ���� ��'"�.,���� �'1,�#����
".�1.��

�"�� H�52B�R2=�� #�,��� J.��� 2H�� 23=H�� ����+� ��� J"����� * � � � � � 	�  � � �?
� � � � � � � �� �����)/�#"�;���� 0/"11��� �11,�0���"��� �/"11��� '"�.,�����
�/��'"0".1,�� 9",��)�� �"� (�� �'1,�#���� ���� #��� �"� ����0����)� ��9�0��

�"�� H�5>B�=>2�� #�,��� *��0/� HB�� 23=5�� � �,���� ��� ��,,��� * � � � � � 	�  � � �& �
� � � � � �%%	�  � � � � � � � � � � �� ����)���� �"� ��";�� 	����.'���� �"�� ��,#�
(�,��0��)� 1"�����"'����0� '���.���)� ��9�0��� �/"11��� '"�.,����� ��)��,�
#�"' � �/��'"0".1,�� (���)�� ���;"�<�� ��)��,� ��� �'1,�#���� ���� .���� �"� ���9��
�/�� ��9�0�� �"� �.,,�

��



No. 2,459,730, filed June 30, 1944, Albert J. Williams, Jr., MEASURING 
SYSTEM  W ITH  CAPACITOR HAVING CHARACTERISTICS OF AN 
INFINITE CAPACITY. Assigned to Leeds & Northrup. Chopper is used to 
compare input from thermocouple to output voltage of device.
No. 2,700,135, filed August 25, 1944, W.E. Tolies, PRODUCT-TAKING 
SYSTEM. Apparently a basic patent on the ring modulator and ring 
demodulator. Assigned to the Government. (U.S. Navy.)
No. 2,459,177, filed March 5, 1945, F. L. Moseley, et al, DIRECT CUR­
REN T AMPLIFIER. Chopper modulator and demodulator, transformer 
type. Assigned to U.S. Government. Patent looks pretty fundamental, how­
ever, note Milnor, 1918.
No. 2,510,930, filed October 11, 1945, Kenneth G. MacLeish, EXPANDED 
SCALE AM M ETER. Assigned to U.S.A., as represented by AEC. Difference 
between voltage across 50 mv shunt and reference potential is amplified 
and fed to meter. The reference provides the expansion.
No. 2,624,778, filed October 25, 1945, G. J. Perlow, et al, ELECTRONIC 
FLU XM ETER AND ALTERNATING CURRENT AMPLIFIER. Signal 
from underwater search device is chopper modulated. A mine detector. 
No assignment noted.
No. 2,574,656, filed May 14, 1946, J. B. Peterson, TRU E AIRSPEED 
INDICATOR. A chopper servo amplifier is used on the output of a 
potentiometer.
No. 2,456,420, filed August 31, 1946, E. J. Jackson, ELECTRONIC 
DIRECT CURRENT CONTROL SYSTEM. Assigned to General Electric. 
One set of contacts chops the DC input signal. The auxiliary contacts are 
connected in circuit between the cathodes of discriminator stage and one 
terminal of the discriminator supply. Chopper auxiliary contacts make 
in one direction only, giving uni-directional output.
No. 2,485,948, filed January 31, 1947, A. J. Williams, Jr., et al, LOW- 
FREQUENCY CONVERTER-AMPLIFIER SYSTEM. Assigned to Leeds 
8s Northrup. Shows a variety of modulator circuits.

No. 2,497,129, filed May 2, 1947, Max D. Liston, RADIATION DETECT­
ING APPARATUS. Assigned to Perkin Elmer Corp., Glenbrook, Conn. 
Chopper modulates signal from thermopile and demodulates amplifier 
output to give a meter display of radiation intensity.
No. 2,628,994, filed October 31, 1947, Louis Goodman Mills, SWITCHING 
ARRANGEM ENT FOR ELECTRICAL MEASURING SYSTEMS. 
Assigned to Foxboro Co. Chopper used to modulate DC potential as well 
as several other functions in the recorder. Chopper used is a four pole unit.
No. 2,532,911, filed December 3, 1947, R. L. Henson, Jr., et al, DRIVE 
FOR SEISMOGRAPHIC RECORD STRIPS. Power vibrator is driven as
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a chopper to drive a synchronous motor in order to obtain uniform 
chart speed.
No. 2,508,082, filed December 11, 1947, Sidney Wald, REM OTE CON­
TRO L SYSTEM  FOR DC MOTORS. Assigned to RCA. A DC potential 
variable in magnitude and polarity is added to or subtracted from reference 
potential. Difference signal is modulated by the chopper, amplified and 
used to control the motor.
No. 2,584,954, filed May 8, 1948, A. J. Williams, SELF BALANCING 
ELECTRICAL SYSTEM. Assigned to Leeds & Northrup. An AC recorder 
application wherein a chopper rectifies AC input for differentiation or 
integration and reconverts to AC. This provides a derived signal which 
is an infinitesimal calculus function of the original signal.
No. 2,622,231, filed September 28, 1948, John W. Gray, INTEGRATOR. 
Assigned to General Precision Laboratories. Choppers used to supply the 
two fields of a two phase motor. Circuit is arranged so that choppers can 
be biased to either side, causing a resultant torque in either direction.
No. 2,622,192, filed January 6, 1949, Raymond E. Tarpley, MEASURING 
SYSTEM W ITH  GRID CURRENT SUPPRESSOR. Assigned to Leeds 
& Northrup Co. Chopper compares input to position of recorder.
No. 2,540,825, filed January 22, 1949, J. M. Lafferty, D IRECT CURRENT 
AM PLIFICATION SYSTEM. A bridge modulator with a square wave 
drive. No choppers. Assigned to General Electric.
No. 2,656,498, filed March 19, 1949, P. S. Goodwin, ELECTROM ETER 
NETW ORK. A DC preamplifier feeds a chopper servo, driving a potentio­
meter controlling a recorder.
No. 2,684,999, filed April 28, 1949, E. A. Goldberg, et al, STABILIZED 
DIRECT CURRENT AMPLIFIER. Chopper stabilization of DC amplifier. 
Assigned to RCA.
No. 2,685,000, filed April 29, 1949, A. W. Vance, STABILIZED DIRECT 
CURRENT AMPLIFIER. Use of one chopper for both modulation and 
demodulation of Goldberg type of stabilized DC amplifier. Assigned to RCA.
No. 2,688,729, filed July 28, 1949, Franklin F. Offner, RECORDER 
AMPLIFIER. Chopper modulates and demodulates low frequency signal. 
No. 2,711,500, filed October 12, 1949, F. L. Maltby, MEANS FOR 
ESTABLISHING THE PHASE OF AN ALTERNATING CONTROL 
VOLTAGE AND A FOLLOW-UP CONTROL SYSTEM  EM BODYING 
T H E  SAM E. Chopper performs straight-forward m odulation and 
demodulation.
No. 2,724,022, filed February 7, 1950, A. J. Williams, et al, FAST ACTING 
FEEDBACK AMPLIFIERS FOR HIGH IMPEDANCE SOURCES. 
Assigned to Leeds & Northrup Co. A device for measuring voltage from
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the Navy. A chopper is used to shunt a high impedance with a low im­
pedance in order to decrease the objectionally long time constant and 
associated long transient such as in photo-multiplier circuits when supply 
voltage is changed.
No. 2,813,248, M. C. Ferre, filed May 21, 1953, ELECTRICAL WELL 
LOGGING. Assigned to Schlumberger Well Surveying Corp., Houston. 
Texas. Chopper used to switch input to instrument from electrodes in well 
to reference electrode at remote point. Well logging application.
No. 2,688,112, filed July 1, 1953, F. T. Wimberly, ELECTRICAL CIR­
CUITS. A vacuum tube modulator device for a DC amplifier.
No. 2,790,944, filed September 11, 1953, Abraham W. Siff, Kenneth R. 
Neale, SHIELDED MEASURING APPARATUS. Assigned to the Bristol 
Co. A device for measuring small DC potentials utilizing a chopper to 
modulate the input.
No. 2,728,858, filed October 26, 1953, G. F. Ziffer, REGULATED POWER 
SUPPLY. Assigned Tracerlab, Inc. Portion of output voltage is bucked 
out by standard cell. The error difference is chopper modulated, amplified 
and demodulated. Signal controls amplitude of the oscillator.

No. 2,795,653, filed November 12, 1953, Rawley D. McCoy, VACUUM 
TUBE VOLTM ETER AMPLIFIER CIRCUIT. Assigned to Reeves 
Instrument Corporation. AC amplifier and DC amplifier connected in 
cascade. Chopper serves as modulator and demodulator as well as the 
means of inserting the feedback to obtain the required high input impedance.

No. 2,801,296, filed February 9, 1954, F. H. Blecher, DC SUMMING 
AM PLIFIER DRIFT CORRECTION. Drift compensation, using chopper 
and DC feedback. Assigned to Bell Telephone.
No. 2,826,733, filed March 16, 1954, Robert R. Steward, ELECTRICAL 
APPARATUS. Assigned to Minneapolis Honeywell. Chopper modulates 
thermocouple potential to be measured.
No. 2,846,523, filed October 29, 1954, Minard A. Leavitt, Ivan C. Lutz, 
AMPLIFIERS FOR AC SIGNALS W ITH SUPERIMPOSED DC. 
Assigned to U.S.A. as represented by AEC.
No. 2,820,855, filed July 7, 1955, Solomon Sherr, HIGH IMPEDANCE 
TRANSISTOR AMPLIFIER. Assigned to General Precision Lab., Inc. 
Chopper compares voltage across resistor in series with base of transistor 
to a reference. The difference is amplified and used to control oven tem­
perature in which transistor is located. The temperature is adjusted to 
the necessary value to maintain a constant base current.
No. 2,857,562, filed June 18, 1956, Ernst Umrath, A MECHANISM TO 
PROVIDE SIMPLE DAMPING ARRANGEMENT FOR THE MOV­
ABLE MECHANISM OF SLIDE WIRE POTENTIOMETERS. Assigned
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ELECTRICAL CHARACTERISTICS

�������� ����������� �;*�>)������ ��������� �!���@

CONTACT RATING: Contacts are suitable 
for interrupting dry circuit signals and 
can handle surges as large as 2 milliam- 
peres and 100 volts.
DRIVE: 6.3 volts RMS, at 60 CPS. Drive 
voltage may vary from 5.7 to 6.9 volts 
RMS. Drive frequency may vary from 
57 to 63 CPS.
DWELL TIME: The moving contact is closed 
to a fixed contact for a minimum of 150 
and a maximum of 178 electrical degrees 
except for Types 171 and 172 which have 
a 145° minimum. Dwell times on the two 
fixed contacts do not differ by more than 
15 electrical degrees.

CHATTER: I f  present, chatter is confined  to

a very brief interval immediately after 
make and to another brief interval im­
mediately before break and is no more 
than 4 degrees during each such interval.

PHASE ANGLE: 2 0 ± 5  electrical degrees 
at 25°C.

INSULATION: 100 megohms minimum 
(under standard atmospheric conditions) 
between contacts and ground and 10 meg­
ohms minimum from drive coil to ground.

NOISE: The induced or stray noise ap­
pearing between each contact and ground 
does not exceed 50 microvolts average 
across 1 megohm resistance with the 
chopper operating.

ENVIRONMENTAL CONDITIONS

Materials and methods of fabrication 
used in this Series of choppers assure 
their reliable operation under natural 
combinations of environmental conditions 
encountered in industrial and military 
service.
TEMPERATURE: —65°C to +  100°C except 
for Types 171 and 172 which operate 
from — 40°C to +71°C.
HUMIDITY: Hermetically sealed for opera­
tion at 100% RH up to -f50°C with 
condensation as water or frost; seal pre­
vents entry of contaminents such as fumes

or moisture assuring trouble-free opera­
tion under any climatic condition.

VIBRATION: Operates under conditions of 
vibration of 0.060 inch total travel from 
10 to 55 CPS; vibrations of 5 G up to 
500 CPS have no effect on subsequent 
operation.

SHOCK: 100 G shocks in both directions 
along each principal axis for a total of 30 
shocks produce no permanent damage.

ALTITUDE: Unaffected by atmospheric 
pressure up to 75,000 ft.

MECHANICAL CHARACTERISTICS

All choppers in the 175 Series are small, 
light-weight units, yet have contact rating 
comparable to those of larger units. The 
basic mechanism is available in a plug-in 
type or in a variety of solder-lug types.

LIFE: These choppers are capable of a 
minimum of 5,000 hours continuous 
operation. The circuitry used has a con­
siderable bearing on performance, and it 
is thus difficult to specify life precisely.

WEIGHT: All choppers in the 175 Series 
weigh 1 oz. max. except Type 178 which 
weighs 1.5 oz.

HEADER: 7-pin  m iniature, com p ression  
glass bead insulators.

CASE: Deep drawn brass spun onto 
header and soldered to make a true 
hermetic seal.

������+� �F?K� DH?PDB� JQDF� 6�HO� OCFJP?ED
1F�PDF�� ��EC.E?HI.�*��CJGF�.?BE�.1F?K�ED.E
1DF� %�������,�,�(� %DECJI� ������

SIZE: Approximately -#  inch in diameter 
and a seated height of 1 7/16 inches.
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E L E C T R O M E C H A N IC A L  C H O P P E R S

SERIES 300 (400 CPS STANDARD TYPES)

Airpax miniature Series 300 choppers are widely used 
as modulators and demodulators in stabilized DC amp­
lifiers for analog computers and in servo-mechanisms 
for automatic controls —  both industrial and military. 
Series 300 choppers are single-pole double-throw break- 
before-make resonant-reed contact modulators designed 
for handling information (low-level) signals.

All Airpax choppers have rather large contacts, and 
considerable spacing when in motion, providing stability 
against thermal and aging changes. Airpax choppers 
will handle surges as high as 100 volts at currents up to 
2 milliamperes, as well as continuous dry circuit opera­
tion. Five thousand hours of operation is a reasonable 
life expectancy for a properly used Airpax chopper; life 
tests of well over 10,000 hours have shown only minor 
deviations from specification limits.

400 CYCLE STANDARD

���� ����	� !��� ���� ������ �� �� �� ����� ���� ��������
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Д*—4©

CD vz

The majority of Airpax chop­
pers have an SPDT BBM 
(break-before-make) contact ar­
rangement. The construction of 
the chopper is such that there 
is no neutral position of the 
moving arm when the chopper 
is not being driven, and the 
movable contact will stop at 
random on either fixed contact 
when the drive is removed.
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Airpax Series 310 choppers are a high temperature 
version of the widely used Scries 300 choppers. As 
such they are recommended for those applications 
requiring continuous reliable operation at tempera­
tures from — 65°C to -j-125°C.

Because of their switching action and low drive power, 
these high temperature choppers are operated with the 
same drive voltage (6.3 RMS volts) and frequency 
(400 CPS) as conventional types. Contacts are suit­
able for interrupting dry circuit signals and can handle 
surges as large as 2 ma. and 100 volts.

����  �,7	� � � � �� � � �

6.3 VOLT, 400 CPS DRIVE . . . SPDT BBM CONTACTS

TYPE SPEC. MTG. TEMPERATURE DWELL PHASE NOISE

310 239 A — 65°+125°C 147° 1+ 00
о 65° ±15° 200uv AV

311 239-1 1 — 650-H 250C 147° ±18° 65° ±15° 200uv AV

312 239-2 C —65°+125°C 147° ±18° 65° ±15° 200uvAV

313 239-4 В — 650+125°C 147° ±  1 8° 65° ±15° 200uvAV

317 239-6 AMM — 650+125°C 147° ±18° 65° ±15° 200uv AV

318 239-7 H — 65°+125°C 147° ±  1 8° 65° ±15° 200uv AV

	5 � � � 	 � � � �� � �	 �

Materials and constructional features are 
such that high or varying temperatures 
do not adversely affect the operation of 
these miniature choppers. The phase 
angle is only slightly affected by the elec­
trical impedance of the drive coil and 
the mechanical phase of the resonant 
reed. Electrical phase changes with tem­
perature due to the temperature coeffic­
ient of resistance of the copper drive coil 
wire. Mechanical phase changes with 
temperature due to the temperature co­
efficient of expansion of the metallic reed. 
The combined result is a slight decrease 
in overall chopper phase angle as operat­
ing temperature increases. The following

table lists the ranges of phase angle of 
Scries 310 choppers for the indicated tem­
perature ranges.

Temperature Phase in
in degrees C electrical degrees

—65° to —20°C 1+

—20° to +  100°C 63 ± 1 5
+  100° to +  125°C 5 7 ±  13

These spreads in phase angle are limits 
for all Series 310 choppers. Any one 
chopper can be expected to change in 
phase with temperature considerably less 
than indicated in the table.
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