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ABSTRACT can be retained by employing a simple feedback
technique known as a series/shunt feedback
A method is described in which theamplifier, resulting in a significant improvement
intermodulation performance of an active mixer i the third-order intermodulation (JPand
improved by recovering the amplified output IFEompression point (P) of the mixer.
signal and combining it with the input IF signal in a
pair of embedded series/shunt feedback amplifiers, DIODE RING MIXERS
thereby overcoming the nonlinearities of the active
devices. Performance charactenstlcs are compared Diode ring mixers have been widely used
with a previous reallzatlon as well as with diode since their introduction in the late 1940's, and their
ring, switching MOSFET, and transistor tre@onlinear characterlstlcs were immediately
mixers. recognlzeof This phenomenon continues to enjoy
a very thorough treatment in the professional
INTRODUCTION literature””
Figure 1 schematically illustrates a form of
Mixers and modulators are essential buildindiode ring mixer commonly referred to as Class I.
blocks in RF communications systems. Various rétere, the four diodes are arranged in a ring, and
alizations employing diodes, switching MOSFETsre switched alternately into on and off states by
dual-gate FETSs, and the highly popular transisttine application of a local oscillator (LO) signal as
tree (aka Gilbert Cell) mixer provide the necessaghown. Such mixers typically require an LO level
means by which frequency conversion, modulatioof +7dBm (5mW), and subsequent classes require
or demod-ulation takes place. In all realizationgO levels of +17dBm (50mW) or more, the
the nonlinearities of the devices, either directly grimary purpose of which is to attain a higher level
indirectly, cause distortion of the desired signalsf IMD performance.
when two or more of the signals interact, a For comparison purposes, a rather common
phenomenon know to the profession aGlass | diode ring mixer, the Mini-Circuits SBL-
intermodulation distortion (IMD). 1, was evaluated for intermodulation and
Much has been written in the professionalompression performance. The SBL-1 enjoys a
literature with regard to the sources of IMD, and .

furtherance of that discussion is not within the scof
of this paper. Rather, a brief discussion will be
presented with regard to two of the more commo "’ <
mixer realizations, diode rings and transistor tree
where this characteristic will be examined for late L L
comparison with the recently introduced feedbac

IF

mixer, in which the integrity of the incoming
intermediate frequency (IF, in reference to a mixer_
or baseband (in reference to a modulator) S|gnal Figure 1 - Typical Class | Diode Ring
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These signals were chosen as they are well within
the capabilities of the device, and will be used in
subsequent tests for comparison.

Figure 2 and Table 1 illustrate and tabulate,
respectively, the various performance charateristics
of the SBL-1. This is fairly typical performance
for a Class | diode ring mixer, but as will be shown
later, higher IIPand P, levels can be attained
with a substantially lower LO drive level using an
active mixer with a pair of embedded feedback
amplifiers.

SWITCHING MOSFET MIXERS

Figure 2 - Intermodulation Distortion
Mini-Circuits SBL-1 Mixer
Ref = 0dBm, 10dB/DIV

A very worthy variation of the ring mixer uses
switching MOSFET devices in place of the diodes,
a typical schematic of which is shown in Figure 3.

Table 1 Mixers of this sort often achieve input intercept
points (IIR) in excess of +40dBm, but do so at the
Input signals cost of very high LO power levels, usually +17dBm
f 500kHz or more, which often makes their implementation
i 510kHz in portable battery-powered communications
2
Power -9dBm
Local Oscillator =
fo 10MHz L
s AL TR
Output Signal Power 1= — ' | =L
fotf . — &
14dBm Ry
fotf, -14dBm
fot2f -1, -56dBc Figure 3 - Ring Mixer with Switching MOSFETSs
fo+f-2f -56dBc
Gain -5dB equipment impractical. This, however, is an
improvement over Class lll diode ring mixers. The
M=) +19dBm professional and hobby literature abound with
: discussions on the variatious forms of this thiegtne
-4.5dBm 10.11,12.13, 1 and it would be difficult to give proper

wide poquarlty in radio amateur design, and itgtention to this genre without detracting from the
commercial counterpart, the SBA-1, is even mopairpose of this paper.
widely used, hence its selection for this study. TRANSITOR TREE MIXERS

In the conduction of the testing, the LO
frequency is set to 10MHz at the required level of Figure 4 schematically illustrates the
+7dBm. Two IF signals, the first at 500kHz anflinctional components of a transistor tree mixer.
the second at 510kHz, are applied at the IF pddriginally patented in 1966 by Howard Jones as a
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Figure 4 - Transistor Tree (aka Gilbert Cell) Mixer

synchronous demodulatér this highly popular leaving a differential radio frequency (RF) signal
active mixer has been more commonly referreddoross the primary of transformer T3.
as a Gilbert Cell mixer, following a subsequent  For test purposes, a circuit as shown in Figure
patent and it's usage as the core of an analogu&as constructed using a Harris CA3054 dual
multiplier'®. The tree mixer was derived from earliadifferential amplifier array, thus ensuring a good
synchronous demodulators utilizing vacuumatch between all active devices. With a supply
tubed’. Here, an input intermediate frequency (IRjoltage of 12 volts, the bias conditions were set to
signal is applied differentially through transformekt5mA for the collectors of Q3 and Q6, with the
T2 across a pair of driver transistors, Q3 and fases of Q3 and Q6 set to 2.1 volts and the bases
which generates a differential pair of currents. Tloé the four switching transistors Q1, Q2, Q4, and
resistor network consisting of the three resisto@b set to 4.7 volts, thus ensuring that the transistors
labeled R3 serves to degenerate the emitters of th@8eand Q6 will remain in a linear region throughout
transistors, which helps stabilize the mixer gain ovre range of testirig)
environmental extremes and also serves toimprove The resistors R3 are each 100 ohms (a three-
the linearity by virtue of being in series with theesistor array is used). Transformers T1, T2, and
nonlinear emitter resistances of the driver transistdi8 are each four turns of trifilar wire through a
Q3 and Q6. Fair-Rite 2843-002-402 balun (or binocular) core.
These differential currents are then switchadfith the three transformers having a 1:1:1 turns
alternately by two differential pairs of switchingatio, the mixer has input and output impedances
transistors, Q1 and Q2, and Q4 and QB&f50 ohms at all three terminals.
respectively, which are driven into alternate onand  The same test conditions as used for the diode
off states by way of an LO signal applied througing mixer were used here, except that the LO level
transformer T1. By virtue of the summation thas now set to 0dBm (1mW). It was determined
takes place through the interconnection of the failwrough testing that the active mixers used in this
collectors of these switching pairs, the LO and Faper all functioned fully with LO drive levels as
signals are cancelled at the 100 ohm load resistdéosy as -6dBm (0.40mW).
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slightly lower.

It has long been recognized that the most
serious limitation in the IMD performance of tree
mixers is that of the voltage-to-current conversion
of the driver transistors Q3 and @62° Various
methods have been utilized sucessfully to correct
this deficiency?® 2 2but these methods all ignore
secondary sources of intermodulation, primarily the
h,, nonlinearity of the driver transistors and the
nonlinear charcteristics of the four switching
transistors. These deficiencies can be overcome
by making use of a simple series/shunt feedback
amplifier circuit wherein all of the transistors are
embedded within the feedback topology.

Figure 5 - Intermodulation Distortion
Transistor Tree Mixer
Ref = 0dBm, 10dB/DIV

SERIES/SHUNT FEEDBACK AMPLIFIER

Table 2
Referring to Figure 5, a series/shunt feedback
Input signals amplifier is realized by placing a series feedback
f, 500kHz
f, 510kHz U e
Power -7dBm
Local Oscillator BT e :
f 10MHz
Power 0dBm Re
Output Signal Power =
fot f, -5.5dBm Figure 6 - Series/Shunt Feedback Amplifier
fo+1, -5.5dBm
fo+2f -1, -42.5dBc resistor (R2) from the emitter of transistor Q to
fo+f-2f -42.5dBc ground, and a shunt feedback resistor (R1) from
the collector to the base. Here, the input and out-
Gain -1.5dB putimpedances are determined by the relatioffship
24-
P, +17.5dBm
R=R =V(R1xR2) (1)
P +4.5dBm

d L
e and the power gain is:

Figure 5 and Table 2 illustrate and tabulate,
respectively, the performace of the transistortree G=V[(R1/R2)-1] (2)
mixer, and the results show that although the 1dB
compression point (P,) is higher than for the diode This amplifier topology offers a simple means
ring mixer, the input intercept point ()As lower. of linearization and is easily implemented in the
However, despite the fact that the LO power ftransistor tree mixer.
the tree mixer is substantially lower than that for
the diode ring mixer, the IMD performanceisonly LINEARIZED ACTIVE FEEDBACK
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Figure 7 - Linearized Active Mixer Schematic (First Generation)

MIXER (FIRST GENERATION)

Referring to Figure 7, a first series/shunt
amplifier is realized by placing a separate shunt
feedback resistor from the collectors of the
switching transistor pair Q1 and Q2 to the base of
the driver transistor Q3. The series feedback
resistances are provided by the network of the three
R3 resistors. The result here is that the amplified
IF signals which are cancelled in the tree mixer are
now recovered, while at the same time the RF and
LO signals are cancelled at the base of Q3. Thus,
the feedback amplifier sees only the input and
amplified output IF signals, and since it
encompasses all three transistors it can therefore
compensate for the distortions caused by the
nonlinearities encountered therein.

Similarly, feedback resistors from the
collectors of the second switching pair Q4 and Q5
to the base of the second driver transistor Q6, along
with the R3 resistor network, completes a second
series/shunt feedback amplifier circuit. Note that
the value of R3 is three times the value of R2
determined in Equations 1 and 2. The capacitors
C1 and C2 provide DC blocking for biasing
purposes.
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Table 3
Input signals
f, 500kHz
f, 510kHz
Power -3dBm
Local Oscillator
fo 10MHz
Power 0dBm
Output Signal Power
fo+f -10dBm
fo+f, -10dBm
fo+2f-f, -49dBc
fo+f-2f -49dBc
Gain -7dB
1P, +21.5dBm
P +5.5dBm

1dB



result of incomplete cancellation of the LO signal
at the collectors of the four switching transistors,
which leads to early saturation of these devices.

The four 100 ohm resistors in the output
network are at fault here, as they provide a lossy
path between the opposite collectors which, in a
tree mixer, provide for this cancellation. They also
resultin an unnecessary loss of 6dB in output signal
power. A remedy of this shortcoming was found
in the form of a signal combining device known as
a hybrid transformer.

HYBRID TRANSFORMER COMBINERS
Figure 8 - Intermodulation Distortion

Linearized Active Mixer (First Generation) Hybrid transformer& 26 27(also referred to
Ref = 0dBm, 10dB/DIV as bridge transformers or balanced transformers)
are magnetic devices commonly found in telephone
The network of four 100 ohm resistors fromepeater amplifiers, but which, with proper
the four switching transistor collectors to the outpuataterials, are readily applied to higher frequency
transformer serves to cancel the LO and IF signalscuitry. Refer-ring to Figure 9, the hybrid
at the output transformer primary, while at the sartransformer discriminates between common-mode
time providing a differential RF output signal. and odd-mode signals. Common-mode signals
A test circuit was constructed using the sanaeross the centre-tapped primary are isolated from
components and bias conditions as for the earlibe secondary and appear at the centre tap.
tree mixer. The four resistors R1 were set to 38@nversely, odd-mode signals are isolated from the
ohms, giving both amplifiers an input and outpaentre tap and appear at the secondary winding.
impedance of 100 ohms and an IF signal gainBfie primary and secondary have turns of 2N and
6.7dB. M, respectively. The four impedances are
The test results shown in Figure 8 and Tabtetermined by:
3 indicate that the feedback mixer circuit of Figure

7 has measurably better IMD performance thanthat RD = (N /M )2 x RA (3)
of the comparable tree mixer of Figure 4 and also
outperforms the Mini-Circuits SBL-1 diode ring RB=RC=2xRD (4)

mixer while requiring substantially less LO power.

The compression point (P) suffers slightly as a In the previous realization, the resistors used in the
output signal combiner resulted in a 6dB loss in

gain. Use of the hybrid combiner negates this loss,
and thus the use of the term "lossless" when
referring to this topology.

RA

LINEARIZED ACTIVE MIXER WITH
LOSSLESS HYBRID COMBINERS
RB RD RC (SECOND GENERATION)

= = — Referring now to Fig. 10, a functional
schematic of a linearized double-balanced active
Figure 9 - Hybrid Transformer mixer with lossless hybrid combiners is shown. The
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Figure 10 - Linearized Active Mixer Schematic (Second Generation)

circuit consists of two balanced active mixers, and -1 xR Cosw, (5)
the discussion will be limited to the side to the
left, there being no unique discussion for the right V2 = Ax A x[1/2 Cos (3 —w,) +
side. +1/2 Cos, +w,)] +
To begin, the mixer as a whole sees an RF + X R Cosw, (6)
load impedance of Rand each side of the mixer
sees a load impedance of 2RWith a hybrid V3=AxA, x[1/2Cos @ -w,)+
transfomer having a turns ratio of 1:1:1, the centre +1/2 Cos, +w,)] +
tap of the primary will also have an impedance + xR Cosw (7)
2R , while the end terminals of the primary will
have an impedance of 4RThe switching action V4 =-A XA, x[1/2 Cos ( - w,) +
of transistors Q1 and Q2 will modulate the +1/2 Cosdf, +w,)] -
collector current of transistor Q3, creating a - I xR Cosw (8)
differential signal across the primary winding of
T3. Since the driver transistor Q3 sees a constafitere A is the IF input signal level, As the ampli-
collector load, it's overall load impedance is equiégr gain from (2), w_is the input local oscillator
to the parallel combination of the collector load$-O) frequencyyw, is the IF input signal frequency,
of Q1 and Q2, which is the the same as the i@nd | is the quiescent collector bias current of Q3.
pedance of the primary centre tap, ZRhus, the The third term in equations (5) and (6) represents a
series/shunt feedback amplifier is again realizedifferential carrier signal across the primary of T3.
The four collector voltages for transistor§here is an equal, but opposite, signal across T4

Q1, Q2, Q4, and Q5 are, respectively: (equations 7 and 8), effectively cancelling the two
LO signals, and the balance of these two signals will

V1i=-AxA, x[1/2Cos (v —w,)+ determine the re-sulting LO/RF leakage. Under ideal
+1/2 Cosdp, +w,)] - (ie - lossless) con-ditions, the four voltages above
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now become:

V1=-AxA, x[1/2 Cos (3 —w,)+
+1/2 Cosdy, + w,)] 9)

V2=AxA,x[1/2Cos (O —w,) +
+1/2 Cosdy + wy )] (20)

V3=AxA, x[1/2Cos @ —w,) +
+1/2 Cosd, + w, )] (11)

V4=-AxA, x[1/2 Cos (o —w,)+
+1/2 Cos, + wy)] (12)

The recovered IF signals V5 and V6 at the centre  Figure 11 - Intermodulation Distortion

taps of hybrid transformers T3 and T4 are: Linearized Active Mixer (Second
Generation)
VE=-AXxA,6 x Cosw, (13)
Table 4
V6 =AxA, x Cosw, (14
and the RF output voltage is: Input signals
f, 500kHz
Vo= (M/IN)xAxA, x[Cos (@ -w,)+ f, 510kHz
+ Cos @ +w,)] (15) Power +3dBm
which, if M = N, becomes Local Oscillator
fo 10MHz
V,=AxA, x[Cos v —w,)+ Power 0dBm
+ Cosf + )]
(16) Output Signal Power
fo+ £ 0dBm
A test circuit was constructed, again using fo+f, 0dBm
the same devices and bias conditions as previous. fo+2f -1, -53dBc
Referring to Figurel0, the two hybrid transformers fot+f-2f, -53dBc
T3 and T4 are of the same construction as the input
transformers T1 and T2, having turnsratios of 1:1:1  Gain -3dB
and consisting of four turns of trifilar wire on a
Fair-Rite 2843-002-402 two-hole balun core. Thus, P, +29.5dBm
each side of the mixer sees a source and load
impedance of 100 ohms, and by virtue of T4 and P, +10.5dBm

the paralleled secondaries of T3 and T4, the input
and output impedance of the mixer is 50 ohms.

Testing was conducted using the same signals
as before. Figure 11 and Table 4 illustrates aisdh respectable +29.5dBm. Also, the compression
tabu-lates, respectively,the performance of theint has now risen to +10.5dBm The inclusion of
mixer. With the third-order intemodulation prodthe hybrid transformers has here produced an active
ucts at -53dBc, the resulting input intercept poimixer with IMD performance rivaling that of Class
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Mini-Circuits Transistor Tree Linearized Feedback Linearized Feedback

SBL-1 Mixer Mixer (1st Generation) Mixer (2nd
Generation)
Without IF Filter
P —-4.5dBm +4.5dBm +5.5dBm +10.5dBm
1P, +19dBm +17.5dBm +21.5dBm +29.5dBm
With IF Filter
P —7.5dBm +4.5dBm +5.5dBm +10.5dBm
1P, +7.5dBm +16.5dBm +20.75dBm +28.5dBm

Table 5 - Narrow-Band IF Load Performance
[l diode ring mixers, but with a fraction of the LO The test results, shown in Table 5, show that

drive power. the SBL-1 diode ring mixer is indeed seisitive to
the narrow-band IF termination, the Jiecreasing
IF LOAD SENSITIVITY by 11.5dB and the compression point by 3dB. The

active mixers, without exception, show a
One aspect of mixer performance that beaggbstantially re-duced sensitivity, with the
close scrutiny is the susceptibility to narrow-bar@bmpression points remaining unaffected and the
IF loads. In the design of radio transmitter aritP, cdecreasing 1dB or less in all three cases.
receiver systems, the rejection of images and This is not to be unexpected: In the case of
spurious responses from frequency conversitire diode ring mixer, the unterminated signal energy
requires that the output of the mixer be filtereds reflected back to the diodes where it can further
more often than not by way of a bandpass filténteract with the nonlinearity of the diode junctions.
Diode ring and switching MOSFET mixers ar®n the other hand, the signal energy reflected back
notoriously sensitive to such loading impedancéds,the active mixers is terminated in the switching
and the worst case, at least for active mixers,tiansistor load resistances, the nonlinear base-
that in which the unwanted signal voltage smitter junctions being isolated by virtue of the

terminated in a high impedance. reverse transfer coefficients of the transistors.
To this effect, a coupled resonator bandpass
filter was constructed with a centre frequency of CONCLUSION

10.7MHz and a passband bandwidth of 500kHz,
the schematic of which is shown in Figure 12.  An active mixer of improved performance
Insertion loss was measured at 5.5dB, whichaser a previously disclosed design has been dem-

taken into account in the measured data. onstrated and shown to be have charactereistics that
are desirable in the design of high performance RF
SipF 10pF 10pF SipF receiver and transmitter systems. Further

e "N improvements are envisioned, including the usage
S0nH 750nH 750nH - . -

MDI WI MDI of alternative feedback topologies that will address

1 | 1 1 the noise figure characteristics, rendering a mixer

o of very high dynamic range without the need for
Figure 12 - Bandpass Fllter Used for exorbitant LO power levels.
IF Load Tests



REFERENCES

1. Trask, Chris, "Feedback Technique Improvd2. Rohde, Ulrich L., "Performance Capability
Active Mixer Performance," RF Design, Septenof Active Mixers," Ham Radio, March 1982, pp.
ber 1997 30-35 (pt. 1), April 1982, pp. 38-44 (pt. 2).

2.  Patent pending. 13. Rohde, Ulrich L., "Performance Capability
of Active Mixers," Proceedings WESCON 81, pp.

3. Belevitch, V., "Non-Linear Effects in Ring24/1-17.

Modulators," Wireless Engineer, Vol. 26, May

1949, p. 177. 14. Rohde, Ulrich L. and T.T.N. Bucher ,
"Communications Receivers: Principles and Design,

4.  Tucker, D.G., "Intermodulation Distortion inlst ed.," McGraw-Hill, 1988.

Rectifier Modulators," Wireless Engineer, June

1954, pp. 145-152. 15. Jones, Howard E., "Dual Output
Synchronous Detector Utilizing Transistorized

5. Gardiner, J.G., "An IntermodulatiorDifferential Amplifiers," U.S. Patent 3,241,078, 15

Phenomenon in the Ring Modulator,” The Radidarch 1966.

and Electronics Engineer, Vol. 39, No. 4, April

1970, pp. 193-197. 16. Gilbert, Barrie, "Four-Quadrant Multiplier
Circuit,” U.S. Patent 3,689,752, 5 September 1972.

6. Walker, H.P., "Sources of Intermodulation in

Diode-Ring Mixers," The Radio and Electronic$7. Schuster, N.A., "A Phase-Sensitive Detector

Engineer, Vol. 46, No. 5, May 1976, pp. 247-25%.ircuit Having High Balance Stability," The Review
of Scientific Instruments, Vol. 22, No. 4, April 1951,

7. Maas, Stephen A., "Two-Tonep. 254-255.

Intermodulation in Diode Mixers," IEEE

Transactions on Microwave Theory and8. Sullivan, Patrick J. and Walter H. Ku, "Active

Techniques, Vol. MTT-35, No. 3, March 1987, pDoubly Balanced Mixers for CMOS RFICs,"

307-314. Microwave Journal, October 1997, pp. 22-38.

8.  Evans, Arthur D. (ed), "Designing with Field19. Chadwick, Peter, "The SL6440 High
Effect Transistors," McGraw-Hill/Siliconix, 1981.Performance Integrated Circuit Mixer," WESCON
1981 Conference Record, Session 24, pp. 2/1-9.
9. Rohde, Ulrich L., "Recent Developments in
Circuits and Techniques for High-Frequencg0. Chadwick, Peter, "More on Gilbert Cell
Communications Receivers," Ham Radio, AprMixers," Radio Communications, June 1998, p. 59.
1980, pp. 20-25.
21. Heck, Joseph P., "Balanced Mixer With
10. Rohde, Ulrich L., "Key Components ofmproved Linearity," U.S. Patent 5,548,840, 20
Modern Receiver Design,"” QST, May 1994, pplugust 1996.
29-31 (pt. 1), June 1994, pp. 27-31 (pt. 2), July
1994, pp. 42-45 (pt. 3). 22. Gilbert, Barrie, "The MICROMIXER: A
Highly Linear Variant of the Gilbert Mixer Using a
11. Rohde, Ulrich L., "Recent Advances iBisymmetric Class-AB Input Stage," IEEE Journal
Shortwave Receiver Design," QST, Novembef Solid-State Circuits, Vol. 32, No. 9, September
1992, pp. 45-55. 1997, pp. 1412-1423.

o23. Meyer, Robert G., Ralph Eschenbach, and
Robert Chin, "Wide-Band Ultralinear Amplifier
from 3 to 300 MHz," IEEE Journal of Solid-State



