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DOUBLE-BALANCED MIXERS
Get the Most from Mixers

Here's a straightforward explanation of mixer technology,
performance specs, measurement techniques and hints
to get the most value, from a mixer manufacturer.

Double-balanced mixers (DBMs) have become
a slandard component in communications sys-
tems, microwave links, spectrum analyzers and
ECM equipment. Used properly, DBMs allow sys-
tems designers to achieve minimum levels of
distortion with a high degree of isolation from
interfering signals. However, used improperly,
DBMs can degrade systems performance. Siml-
larly, Incorrect intarpretations of mixer specifi-
cations can be costly. Underspecify and expect
marginal performance; overspecify and pay for
unnecessary device characteristics.

To properly apply and specify a double-balanced
mixer, it is helptul to understand how it works,
what factors influence distortion and how per-
formance s measured. Mini Circuits offers this
article to enhance the engineers practical
knowledge.

How a single-balanced mixer works

To begin, lets analyze a simplified version of a
typical single-balanced mixer, shown in Fig. 1.
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Plus a number of application suggestions.

1. A wmingle-balanced micer ofisrs good lsslation batween
LD and rf bul poor isolation between rf and i-1
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The characteristic of the single-balanced mixer
is that there is isolation between the local oscil-
lator (LO) and the RF, attributable to the inherent
circult balance between the LO and RF. How-
ever, there is no balance between the RF and IF:
examination of Fig. 2 with its loop currents ex-
plains why,

When the LO signal Is applied, assume tha polar-
ity shown on the LO input-transformer: the
diraction of LO currents would then appear as
shown for s and ke The total current through
the IF and RF source resistances consists of 1%&
sum of the currents from the LO and RF Inputs.
First, consider what happens when the LO Big-
nal Is applied. With the polarity shown at the LD
transformer secondary, current flow is clock-
wise for i and ie. These currents flow through
RF and IF source resistances. Looking at the
current flow through the RAF source resistance
Re, there would be complete cancealiation of the
LO component (assuming the ke currents were
exactly identical in the amplitude and phase).

Z. Examination of loop currents in n singie-balanced mixer
explaing poor f 1o - modation.
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Similarly, examining the local oscillator (LO) cur-
rent flow through the IF source resislance, R,
again cancellation would occur. Thus no LD
power would be developed at either the IF or RF
outputs The single-balanced mixer, theralore,
pmv:gﬁls isolation from the LO to both the RF
and IF.

MNow, let's analyze what takes place when the
RF signal is applied. Assuming the polarit
shown for the AF source, two mesh currents will
flow, I and im as shown. Both |« and i« add as
Ihag pass through the IF source resistance, R,
and cancellation takes place. Thus, for a single-
balanced mixer, there is no isolation between
the RF and IF.

How about the balance between the BF and LO
ports? Since i= flows through the upper winding
of the LO transformer in the opposite direction
as im in the lower winding, no voltage would be
devaloped at the LO terminal. Therefore thera |s
isolation between the BF and LD,

All previous references to conditions of balance
are based on currents being equal in amplitude.
In actual practice, the following factors tend to
upset the ideal conditlions. Variations In trans-
former balance and unequal diode Impedance
will cause deviations in curren! balance. At high
fraquencies, above 100 MHz, wiring capacitance,
transformer winding capacitance and physical
location of components will also upset balance.
As operating frequency increases, balance will
fall off and a lower isolation specification will
appear on the mixer data sheet.
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Double-balanced mixers offer improved isolation

A typical schematic for a double-balanced mixer
is shown in Fig. 3. Lat's now examine how bal-
ance is achieved. If CRy and CR: and the LD
transformer are symmetrical, then the vollage at
point A is the same as the center-tap of the
transformer, or ground. Similarly, if CR; is equal
to CH,, tha voltage at B is the same a5 Vee. There-
fore, there is no voltage across A & B and no volit-
gge across the RF or IF ports. This lllusirates how
isolation Is obtained between LD and RF and IF
ports.

Now let’s look at the RF input. If CRu is equal to
CR: and CR: equal to CRs, the voitage at C will
be equal to that at D. There will be no voltage
difference between C-D and thus no RF will
appear at the LO port. From symmetry, it can be
seen thal the voltage al the IF port is the same
as the voltage at C, D or zero; thus there is no
RF output al the IF port. The simplified sketch for
the above is shown in Fig. 4.

Again assumptions for balance are based on
transformer symmetry and diodes being equal.
As with single-balanced mixers, unbalance and
a subsequent drop in isolation will result from
diode junctlon capacity differences and trans-
former winding varigtions. Hera's a rule-of-thumb
approximation for isolation: as frequency of op-
eration is increased, isolation tends to fall off at
the rate of 5 dB per octave. Thus, for exampie,
if you were to measure 40 dB isolation at 300
MHz, you could predict Isolation of 45 dB at 150
MHz by using the 5 dB per octave estimate.

o

A The gnﬂ“ of 8 double-balanced miver's configura-
tion i key 1o ihe sxcelent isolation offared between
LY, and I-f ports.

4. |-} leakage 'o r and LO ports ame minimized In & dbm
by uee of balanced transformers and matched dindes.
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Get the Most from Mixers

PROPERTIES

Irthmrent lsodation between LO & AF, |F ports
Inherent isolation batween RF & LD, IF poris
Inhreni isolation belwesn IF & LO, AF poris

w ® &

IF DC coupled

& |sodation depends on symmetry of transformans and
dindes

* Response bo RF fnput same for aither polarly of RF
signal amplitede

Table 1. PROPERTIES OF DOUBLE-BALANCED MIXERS

IMPLICATIONS
& Mo filters. necessary — thus broadband — can be

used for suppressed-carrier
modulatkon

® Can be used a8 phase detector

® High Izolatioh — can be used as elecironic switoch/
attenumor by injecting DO current 1o
cause unbalance

& High rejection of even-order harmonics

Whether the RF has a positive polarity or nega-
tive polarity, the inherent response of the DBM
cireuit is the same. For example, if a sine wave
is applied, there would not be a lower conversion
loss if the input was positive and a higher con-
version loss for a negative-going input; the re-
sponse js equal and independent of RF signal
polarity. Again, it is assumed the diode charac-
teristics are symmetrical for positive and nega-
tive input signal polarities.

Basically, the three major considerations of the
double-balanced mixer are the Inherent isolation
between the various ports, as summarized in
Table 1. The implications of these isolation prop-
erties appear in the variety of applications to
which the double-balanced mixer can be used.

Another inherent characteristic of a DBEM that
suggesls an area of application is the facl that
the IF paint is DC coupled to the diodes. This
has two significant implications: (1) the fre-
quency response is from DC to some very high
frequency, which lends itself to use as a phazs
detector in phase-locked loop arrangements and
{2} the high isolation between ports enables the
DEM to be used as an electronic switch or atien-
uatar, If the excellent balance between ports is
defiberately upset so that isolation is degraded,
some feedthrough would take place. The degree
of leedthrough or isolation can be set by apply-
ing a DC current or voltage gt the |F port. The
resultant unbalance determines the level of at-
tenuation. Typically, 10 to 20 mA curremt will
change the insertion loss between LO and RF o
as low as 3 dB or less. As the current through the
IF_port is varied, the balance between LO and
RF will be altered; a predetermined amount of
current will establish a preset degree of attenu-
ation. Since the IF port response extends from
DC to some very high frequency, very fast switch-
ing or change of attenuation characteristics Is
practical, Presenl-day switching techniques
using PIN diodes as switches are not practical
at lower frequencies because the PIN character-
istics are lost below 1 MHz. With a DBM, satis-
lactory attenuator performance can be attained
down to 500 Hz.

The disadvantage of the DBM in swilching/ atten-
uator application is the generation of harmonics
ol the AF input, which may be undesirable in
some systems designs.

Consider three different devices (not just mix-
ers), as shown in Fig. 5, with a sine-wave ifnput
applied to each. In case (A), the output of the
linear device will be idenfical in wavetorm,
although not necessarily in amplitude. In case
(B}, unsymmetrical distortion due to unequal voit-
age sensilivity would develop an output that is
flat-topped on one half cycle. And finally, non-
voltage-polarity sensitive device could produce
symmelrical fiallening as shown in case (C).
Mathematically, the output of case (A) is a con-
stant K. times the inpul. In case (B), as a first
approximation, the output iz a constant K, limes
the input plus another constant K: times the in-
pul squared. In case (C), where distortion is sym-
metrical, the outpul is in the form of a constant
K. limes the input plus another constant K; times
the cubic of the input. Case (C) applies for the
double-balanced mixed where all circuit ele-
menis are bBalanced and distortion Is uniform for
both voltage polarities of the signal. The impor-
tant point here is that the output of a DBM can
be described, on first approximation, as a cubic.
In practice, of course, no device is perfect and
unbalances will occur. This means that, along
with the cubic term, there will also appear sec-
ond, fourth, elc. terms with the third-order the
predominant term, In the double-balanced mixer,
a third-order term will always exis! because of
some limiting factors that determine the satura-
Fiun of the mixer, namely the diodes and trans-
ormer,

Single-tone, or harmonic inlermodulation, dis-
lortion appears when only one input signal al
the RF port combines with the LO signal. The
interaction of the LO and its harmonics with the
AF input signal and its harmonics produce
higher-order distortion products as shown in
Table 2, for models SRA-1, SRA-2, ZAD-1 and
ZAD-2. The distortion levels are Indicated by
the number of dB below the output level of the
RF input frequency = LO frequency; LO fre-
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ard ORDER OUTPUT Fio & (2F: - Fi, [2F; - Fy)

TYPICAL TWO-TONE 3rd DRDER
INTERMDOULATION INTERCEPT POINT

si /
E il /
E /

INPUT LEVEL, EACH TONE —dB

& Although the Intercepl point la flclitious since mixers
are nol operated st this bewvel, it 15 a convenient figure of
marit for dBm evaluation,

Thus i Is possible to predict the RF input level
allowable to keep two-tone, third-order response
to a given level in a systems design. To use a
mixer properly, it Is necessary 1o relate the two-
tone input and third-order cutput levels involved
to avoid generaling excess distortion and com-
promizing the final design.

Not as obvious, but important, Is the effect of

_increasing operating frequency on tha mixer

two-tone, third-order disfortion characteristics.
Generally, performance is better at low fre-
quencies and drops ofl as frequency is in-
creased. For high-freqguency mixers (500 MHz),
fall-off starts to occur somewhere batween 50 to
100 MHz.

Often a mixer data sheet does not specify inler-
cept point, 50 & rule-of-thumb estimate can easily
be made by examining the 1 dB compression
point. As RF Input level is increased, there is a
point where the conversion loss will increase.
A convenient point of reference is a 1 dB com-
pression point. As RF input s increased, IF out-
put should follow in a linear manner. However,
after a certain point, the IF output increases at
a lower rate until the mixer output becomes
fairly constant. When the IF output cannot follow
the RF input linearly, and deviates by 1 dB, this
point is called the 1 dB compression point. Now
tha conversion losg is 1 dB higher than it was
when the RF input signal was smaller. The im-
portance of this figure is its utility in comparing
dynamic range, maximum oulpul and two-lone
periormance of various mixers,

Az a rule-of-thumb, the intercept point is approx-
imately 10 to 15 dB higher than the 1 dB com-
pression point: at low frequencies about 15 dB,
and at higher frequencies aboul 10dB. SeeFig. 7.

How 1o measure mixer performance

A manufacturer with integrity does not play the
"numbers game” when preparing specification
data on his product line. Mini-Circuils Labora-
tory’'s policy for product measurement and speci-
fication is straightforward — presents the honest
facts so the design engineer can evaluate prod-
ucl data for his circuit and system requirements
and arrive at a proper design decision.

! 10 TD 15 dB
“{RULE OF THUME}-

AF INPUT LEVEL
CONVERSION LOSS = Pu-Pu (dB)

CONVERSION LOES

POINT

7. The 1 dB comprassion pobnt is an indication of a dbm's
dynamic renge and maximum powar capabilities.

A 50-ohm broadband system is used for all
factory measurements. It offers the customer a
convenient and consistent means to oblain cor-
relation with data prepared by Mini-Circuits.

For conversion loss measurements, Fig. 8a, fixed
attenuator pads are connected to all three ports
so the mixer sees 50 ohms at the frequency of
interest and ALL harmonics. An RF input level
of =11 dBm is delibarately selected. Hera's why:
assuming a typical 8 dB conversion loss, the IF
output would be —17 dBm. Mini Circuit's mixers
provide LO-IF isolation typlcally in the order of
50 to 60 dB. Normally, the LO input is +7 dBm
and thus with 50 dB [solation, LO leakage
level of —43 dBm would be much lower than IF
output. Therefore the RF input level is high
enough to operate the mixer in its linear range
and not low enough to allow LO leakage to de-
troy the Inlegrity of the measurement.

For the IF Power level measurement, a crysial
filter is included before the broadband RF volt-
meter, 1o reject all responses other than the de-
elred IF. When a crystal filter is used, LO leakage
would have no eflect on the conversion loss
measurement since it would not reach the RF
voltmeter.

There are two general techniques for measur-
ing isolation, both requiring 50 ohm terminations
at the unused ports. When measuring LO-RF iso-
\ation, see Fig. B (b). a pad is placed belween
the generator and DBM to ensure & 50-ohm-
impedance. Also, a 50-ohm termination is con-
nected 1o the IF port and the power at the RF
port is measured to obtain the isolation parform-
ance.
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Get the Most from Mixers

When measuring isolation from RF-IF or RF-LO,
the power applied at the RF port s set at a high
level to make sure the diodes have sufficient
drive power. This RF power level will be higher
than encountered in actual DBM usage. How-
ever, the measurement resulls can be consid-
ered quite accurats.
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8. Test measurement selups for (8) conversion loss, (b}
izolation, (o) VEWR and {2 two-fona, thind-order distortion.

The RF vollmeter technique actually produces
isolation specs that are conservative since many
applications normally involve narrow-band cir-
cuits and filters that would eliminate the har-
monics. By assuming everything measured on
the RF voltmeter is due to the fundamental and
that harmonics are not present, mixers supplled
by Mini-Circuits perfarm better than expected
from data sheet specs.

l;._,;l Mini-Circuits 2625 E 14t 51,

Replacing the RF voltmeter by a spectrum ana-
lyzer enables the following improvement |n
measurement integrity. First, the power al the
fundamental fraquency of measurement can be
observed. Now, for broadband epplications, the
effects of harmonics can be ludged. For narrow-
band applications, only the fundamental nead
be considered. By using the spectrum analyzer
technique, the design engineer can avoid over-
specifying his dBm isolation requirement with
subsequent cost savings.

Here's another important advantage of the spec-
trum analyzer technique. Whan RF-IF or RF-LO
measurements are made, the RF level can now
be set al the normal operaling level under which
the dBm will be used.

VSWR measurements are made under the same
dynamic conditions that the mixer would encoun-
ter in practice, see Fig. 8 (c). First, lat's consider
VSWR measurement al the RF port. An LO signal
is applied to its port and the unused IF port is
terminated in 50 ohms. The RE generator sup-
plies an input level corresponding to linear mixer
operation. With the double-balanced mixer dis-
connected from the directional coupler, a refer-
ence level is obtained (all the RE power is re-
flected back). The amount ol reflected signai
depends on the directional coupler used: a 20
dB coupler would establish a referance level
20 dB below the RF Input. Next, the mixer iz con-
nected to the output of the directional coupler,
The spectrum analyzer acts as a narrow-band
filter and allows observation at the RF input fre-
quency. The RF power reflected back from the
mixer is display and can be measured by the cali-
brated scale on the spectrum analyzer.

The VSWR at the IF port is measured In a similar
fashion. In this case, the RF port is terminated in
50 ohms,

Broadband mixers, 1 should be noted, exhibit a
different VSWR characteristic -at differant fre-
quencies. Factors causing this include circuit
resonances and changes in dinde impedances
as the LO power Iey changes. Also of impor-
tance is the fact that the input impedances of the
various porls are Joad dependent, even though
they are isolated from each othar. At high fre-
quencies, this effect is more noticesble since
isolation tends to drop as frequency increazes.

Two-tone, third-order intermodulation distortion
takes place when two incoming signals arrive at
the mixer RF and interreact. The signals re-
sulting from the interreaction may be objection-
able within the IF response.

The test satup for checking two-tone, third-order
response is discussed in detail, see “Chances
are your two-ione, third-order IM measurements
are inaccurale.” Please request this applicalion
naote from the factory.
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Two-Tone Third

Order Intermeodulation Distortion

This distortion term describes the degree by
which the mixer conversion loss is non-linear.
The iwo-tone third order distortion term is the
amount of lgnal level at the IF output generaled
as a result of a third order frequency term. The
frequency term corresponding to third order is
{2 f A2 — { R1) = 1L, where { R represents the
RF input signal and fL represents the LO drive.

Normally, this parameter is not specified on the
data sheetl because it is dependent upon fre-
quencies, terminating impedances, and levels.

Intercept Point Two-tone third-order intermodu-
lation distortion is a measure of the third-order
products generated by a second input signal
arriving at the R port of a mixer along with the
desired signal. A popular method of determining
the suppression capability of a mixer is the
“third-order intarcept’ approach. The third-
order intercept point Is a theoretical point on the
RF input versus IF output curve where the de-
sired input signal and third-order products be-
comes equal in amplitude as RF input is raised.

A convenient way to describe intermodulation
products relative to input signal level is o slate
the relative difference between the two in dB;
for example, a mixer may be specified as 60 dB
down for two-20 dBm input signals. This means
the mixer, with two-20 dBm signals as 118 input,
will suppress third-order products by 60 dB.
Mow if the input level is reduced an additional
10 dB, the third-order product level would de-
crease by a factor of three, or 30 dB. The differ-
ence between the two would be 20 dB and thus,
the mixer would offer 80 dB suppression with
two —30 dBm signals at its input. With another
10 dB drop in signal level, third-order products
would drop another 30 dB with a difference of
20 dB between the two. Thus, two —40 dBm sig-
nals would produce third order products sup-
pressed by 100 dB. When will the two types of
signal (input and third-order) theoretically be-
come equal? The original input levels were —20
dBm and thus, the third-order products wera
60 dB lower, or —80 dBm. Now if the input is
raised 30 dB to =10 dBm, the third-order prod-
ucis would be increased by a factor of three or
80 dB: a 90 dB increase added to the original
— B0 dBm, thus establishing equal amplitude for
the desired and distorted signals.

Graphically, the intercept peoint is obtained by
linearly extending the desired signal curve past
the compression point until it intersects the third
ordar curve.

A rule-ol-a-thumb method for determining the
intermod level is as follows: (1) find the 1 dB
compression level (this is the RF input power
leval that caused the conversion 105s to increasa
by 1 dB). (2) detarmine the intercept paint. At
the low and of the frequency band, this point is
about 15 dB above the 1 dB compression point.
As the mid 1o upper frequency band is ap-
proached, the intercept point drops to about 10
dB above the 1 dB compression point. (3) Multi-
ply the difference between the intercept point
and RF input level (equal RF levels) by the order
of harmonic, (4) Subtract this number from the
intercept point. This is the intermod level. For
example: Given a) 1 dB compression point at HF
input of +1 dBm. b) RF input level —10 dB RF
used at low end of band. c) what is third-order
intermod level? Solution: (1) Compression point
iz +1 dB min. (2) Intercept point equals 1 dBm
+15 dBm = <16 dBm. (3) +16 dBm — (—10
dBm) equals + 26 dB. 26 dB times third-order =
—78 dB. (4) Intermod level equals +16 dBm
—78d8 = —62 dBm.

FUNDAMENTAL OUTPUT

o ____3rd DRDER OUTFPLUT
Fio = [2Fy-Fah 2F;- Fy)
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Directional Coupler - = = -
Applti:{:atiun andpﬂperatinn m M ini- c ircu Its

Minl-Cireuits directional couplars are reactive davices faa-
turing very low insertion loss. The Basic oporation of the
diractional coupler i to operate st an Ingut so that two
oulput signals are available. However, when the input is
appled 10 an opposile por, only one outpul signel is avail-
able. The directional coupler has the fo towing theoretical
characieristics.

1) The outpul signals are unequal In ampliude. The larger
signal is at the main line. The smaller signal is at the coupled
limg

2} The main ling inseHisn loss depands on the signal level
al the ooupled line. The retetonship is es lollows:

Theoretical Minimum

Main Line insertion Loss Coupling
FdB idB
1.2dB EdB
<AB dB 10 dB
L4 d| 15d8
04 dB Failleli]

d) There Is high Eciation botween the coupled ling and the
ouput of the main lne,
A schamallc representafion of the couplar iz s follows:

INPUT DuTRUT
POAT i L B ForT
O + =]

Key characteristics of a direcfional coupler include coupiing
cosflicient. coupling flatness. inserion loss, directivity and
lzoiation, defined as fallows:

Coupling cosfiicient axpresses tha ratio, o dB. of the inpaut
porl powar 1o the coupled porl power with all porje proparly
terminated. Mini-Circufis offers & variety of direclional COup-
lers with coupling velues ranging from 10 1o 21 4B,

Coupling Natress Indicates the maximum peak-to-poak vari-
ation in coupling coefficient over the frequency range cow-
ered by the directional couplor,

Insertion koss rolates o The change in output port poOwear
dus 2 the insertion of the directional couplar into a systam,
considaring all poris properly terminalad.

solation revesls the unbalance due to slight variations n
device symmelry. Il the coupler is pefdectly eymmetrizal,
the signal applied to the oulput port will spilt between the
input por and the 1erminatad porl. Any unbalance will allow
8 leakage signal to develop at the coupled porl. The rafio, in
dB, of this leakage signal lo tha output port aignal i larmed
ihe device's isolation,

Directivity is a significant facior |n coupler salection Tha
outpul powar a8t ihe coupled port & measured wien imput
power is tranemitted In the desined direction; then outpul
Power al the coupled port is messured with the BAIE Bt
of inpul powsr transmitted |n tha opposie direction, The
rafio, in dB, of the two powers at the coupled part expresses
ihe directivity. All ports are conelderes property ierminalad,
Drirectivity is egual 1o the isolatian i dB, minus coupling in
dB, and is @ measurs of the oynamic range at the coupled
port

Mini-Cirewit's full line of directional couplers provlde excal-
lant parformance, Thay feature 1) broad bandwidih 2) low
nsertion boss, a2 low as 0.1 4B 3) dirgctivity as high as 45 di
&nd 41 m wide range of coupling values, from 10 dB 1o 21 dB,

The high performance charactaristics of thess unils enabla
The following signal procesaing funclishs o be dccomplished:

* Measure Inciden! and Reflected Power to
Determine VEWR

Signal Sampling

= Signal Injection

* Signal Generator/Oscillator Leveling
* Power Flow Monitoring

DIRECTIONAL COUPLER FREQUENCY SELECTION GUIDE
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