
40	 	 September/October 20131527-3342/13/$31.00©2013IEEE

Digital Object Identifier 10.1109/MMM.2013.2269861
Date of publication: 6 September 2013

Self-Oscillating 
Mixers

T
he discovery that a single circuit can 
simultaneously do signal generation and 
frequency conversion goes all the way 
back to 1915 when Edwin Armstrong doc-
umented how the triode vacuum tube, or 

audion, could be designed in a way that “incoming 
oscillations are simultaneously amplified and com-
bined in the system to produce beats with a local oscil-
lation continuously maintained” [1]. Today, this type 

of circuit is known as a self-oscillating mixer (SOM). 
In the early days of radio there was good demand for 
SOMs because they allowed a designer to reduce the 
overall number of vacuum tubes in a radio receiver. 
Indeed, the market for SOMs remained profitable 
well into the 1950s [2]. As solid-state devices steadily 
changed the economics of the industry, commercial 
demand for SOMs dried up in the 1960s. Yet, interest in 
SOMs did not completely disappear after the 1960s. In 
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fact, important advances in SOM design were carried 
out by a small number of researchers from the 1970s 
through the 1990s until, around 2000, interest in SOMs 
rebounded.

An important factor for the renewed interest in 
SOMs is their natural fit with active antennas [3]–[6], 
where low-cost and compact design considerations are 
paramount. Systems that use active antennas include 
retrodirective arrays, automotive radars, transpon-
ders, and the hardware for that vast application space 
known as the “Internet of Things (IoT)” [7]–[11]. One 
way to think about the IoT is that it takes RFID to a new 
level by enabling two-way communication with tagged 

objects over the Internet. The emergence of CMOS as a 
mainstream RFIC technology has also helped to rein-
vigorate SOM development because one can design 
complex circuits that have high transistor counts while 
keeping the die area and the dc power consumption 
under check. CMOS SOMs have advanced to the point 
that their noise and linearity performance can com-
pete with discrete mixer and oscillator blocks.

This article provides an overview of modern SOM 
circuits. The circuits discussed here fall into one of 
three broad mixing topologies: unbalanced (UB), sin-
gly balanced (SB), and commutating (CM).

Unbalanced SOMs 
Figure 1 shows the most common UB SOM topology, 
where source feedback is used to make the field-effect 
transistor (FET) unstable to generate the local oscillator 
(LO) signal [12]. The RF input signal is fed at the gate of 
the device and the intermediate frequency (IF) output is 
taken at the drain after appropriate filtering. Since this 
SOM is normally implemented in hybrid form, a dielec-
tric resonator puck is typically used to stabilize the LO 
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Figure 1. A UB microwave SOM (dc biasing not shown).
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Figure 2. A UB SOM and active antenna using a dual-
gate MESFET, after [4].
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Figure 3. A millimeter-wave subharmonic SOM; from [15].
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Figure 4. An SOM conversion gain; from [15].
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signal [13]. As expected, the LO–RF isolation of the cir-
cuit is poor. To address the isolation problem, the SOM 
can be implemented using a dual-gate FET as shown in 
Figure 2 [4], [14]. Figure 2 also illustrates how an active 
antenna can be easily integrated with an SOM.

The simplicity of the topology in Figure 1 makes it 
attractive for implementation at millimeter-wave fre-
quencies. In addition, the circuit easily lends itself to 
subharmonic mode operation. In subharmonic mix-
ers (SHMs), the LO frequency is internally multiplied, 
thus producing mixing components from the RF fre-
quency and an integer multiple of the LO frequency: 

,f f nfout RF LO!=  where n  is the harmonic order. In this 
way, an SHM allows a system designer to reduce the 
LO frequency going into a mixer by / ,n1  which eases 
the LO design process.

An example of a millimeter-wave subharmonic 
SOM is shown in Figure 3. The circuit operates at an 
RF input frequency of 77 GHz, and it is implemented 

using a 0.15-nm pHEMT process [15]. The circuit uses 
a common-source oscillator topology that incorpo-
rates both an open and a short-circuited pair of feed-
back stubs. A coupled-line bandpass filter provides 
gate feedback, which appears as an open circuit at the 
LO frequency and as a transmission line at the RF fre-
quency. The circuit generates an LO tone at 38 GHz, 
which is internally doubled to 76 GHz. Figure 4 shows 
the conversion loss of the SOM, which ranges from  
10 dB to 15 dB for RF input frequencies 70–84 GHz. The 
LO–RF isolation for this circuit is 10 dB.

Singly Balanced SOMs 
SB SOMs often use two UB-SOMs arranged in paral-
lel, as shown in Figure 5 [5]–[7]. Since the gates of the 
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two UB-SOMs are connected together, the LO signals 
are synchronized through injection locking [16]. Note 
that the SB-SOM is symmetric about the horizontal 
axis, which creates a virtual ground for the LO signal 
half way between the transistor gates. When the two 
UB-SOMs lock together, the LO signals are 180° out of 
phase, thus providing the SB-SOM with a differential 
LO signal. The IF outputs of the two mixers are com-
bined using an IF balun that constructively combines 
the odd-order mixing products and destructively com-
bines the even-order components. Like its constituent 
UB-SOMs, the SB-SOM can also operate in subhar-
monic mode.

A 60-GHz SB-SOM with an integrated quasi-Yagi 
antenna is depicted in Figure 6 [5]. The antenna picks 
up the RF signal and feeds it to the SOM. The LO sig-
nal is stabilized by means of a dielectric resonator and, 
to save space, the puck is shared by the two UB-SOMs. 
A hybrid coupler, not shown in Figure 6, is used to pro-
duce the sum and difference of the mixing products, 
IF1 and IF2 from the two transistors. The conversion 
gain of this SOM cannot be measured directly because 
the RF signal is fed through the antenna as opposed 
to a connectorized port. Instead, a different quantity 
must be defined: the conversion efficiency, which 
merges the concepts of antenna efficiency and mixer 
conversion gain. The measured conversion efficiency 
for this SOM is shown in Figure 7.

CMOS Commutating SOMs 
The arrival of CMOS technology into the microwave 
design space has opened the way to new ideas in SOM 
circuit design [17]–[22]. The starting point in the design 

of many CMOS SOMs is the classic CM active mixer 
shown in Figure 8, also known to designers as the 
Gilbert cell [23]. It is an excellent mixer that is widely 
used in RFICs for telecom systems because of its high 
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conversion gain, high port-to-port isolation, high lin-
earity, and broadband frequency response. The basic 
Gilbert cell has a poor noise figure (NF), but the NF can 
be significantly improved by using noise-reduction 
design techniques (see, for example [21], [24], and [25]).

Signal generation in CM SOMs involves some 
type of LC-tank oscillator, a simple version of which 
is shown in Figure 9. In this oscillator, the resistance 
looking into the cross-coupled pair is / ,g2 m-  where 
gm  is the transconductance of each of the cross-cou-
pled FETs. Therefore, with appropriate device sizing 
and biasing, the negative resistance produced by the 
cross-coupled pair can be designed to cancel out the 
resistive loss in the LC tank, thereby producing sus-
tained oscillations.

The majority of CM-SOMs are based on one of 
two general configurations, which we will call type 
I and II. In type I SOMs, the oscillator is below the 
RF input stage as shown in Figure 10. In type II 
SOMs, the oscillator is stacked above the switching 
core and replaces the load network as depicted in 
Figure 11.
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In type I SOMs, the LO and RF inputs into the 
switching core are flipped relative to the standard 
Gilbert cell structure. A functional representation of 
the type I SOM is shown in Figure 12. A benefit of this 
approach is that less LO signal power is needed that, 

of course, also saves dc power. One of the first type 
I SOMs was implemented using bipolar devices [26], 
and CMOS versions followed some years later [17]. 
A schematic diagram of the SOM reported in [17] is 
shown in Figure 13. There, transistors M1 –M4  are the 

Figure 18. A chip photograph of the dual-band SOM; from [19].
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Figure 17. Conversion gain of the dual-band SOM; from [19].
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RF transconductor devices, M5  and M6  are cross-cou-
pled devices for the oscillator and M7 –M8  are buffers 
to measure the LO signal. The SOM operates at an RF 
input frequency of 4.2 GHz, it has a conversion gain 
close to 11 dB and consumes a total of 3.14 mW of dc 
power. The phase noise performance of the oscillator 
in this SOM is shown in Figure 14.

The block diagram of a type I SOM that can oper-
ate in fundamental and subharmonic modes is shown 
in Figure 15 [19]. The switches are turned on and off 
in a complementary fashion so that either the funda-
mental LO tone, ,f0  or its second harmonic, ,f2 0  are 
fed to the mixing core. A detailed schematic of the 
circuit is depicted in Figure 16. The SOM uses two 
LC-tank oscillators that are synchronized through 
injection coupling at f2 0  through the cross-coupled 
transistors at the tails of the LC oscillators. By enforc-
ing a 180° relationship at f2 0  in the two otherwise 
separate oscillator circuits, a quadrature relationship 
between the fundamental outputs at f0  is obtained 
[27], [28]. This method of locking the oscillators at f2 0  
is known as “superharmonic coupling,” and it can 
also be done using passive transformers [29]–[31]. The 
advantage of using transistors for injection locking 
is less die area compared to using transformers, but 
the latter choice offers better oscillator phase-noise 
performance.

The conversion gain of this circuit is shown in 
Figure 17, and it varies from 5 to 12 dB over an aggre-
gate bandwidth of 3.3 GHz, covering the ranges  
5–6 GHz and 9.5–11.8 GHz. The LO–RF isolation of 
this circuit is 40.3 dB when it operates in fundamen-
tal mode and 36.7 dB in subharmonic mode. A photo-
graph of the chip is shown in Figure 18, and its area is 
0.525 mm2, including bonding pads.

The circuit schematic of a type II SOM is depicted 
in Figure 19 [18]. Here, M1 –M2  are the cross-coupled 
devices for the oscillator circuit, and M3 –M4  consti-
tute the switching core of a single-balanced mixer. The 
source terminals of M1  and M2  are interconnected via 
a capacitor Cd  to provide a path for the LO signal to 
flow around the loop, while at the IF frequency, Cd  
is a high impedance. A plot of the phase noise of this 
oscillator is shown in Figure 20, and it is comparable 
to the phase-noise plot shown in Figure 14. This leads 
to the simple observation that, with regard to oscilla-
tor phase noise, the difference between type I or type 
II SOM topology is not too significant. Transistor M5  
in Figure 19 is arranged as a low-noise RF transcon-
ductor to reduce the noise figure of the mixer. It is a 
well-known CMOS low-noise amplifier configuration 
[32] in which the inductances Ls  and ,Lg  the transistor 

(a) (b)

Figure 22. Transforming one cross-coupled pair into two 
cross-coupled pairs: (a) splitting one device into two parallel 
devices and (b) rearranging the topology.
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An important factor for the renewed 
interest in SOMs is their natural fit 
with active antennas, where low-cost 
and compact design considerations 
are paramount.
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dimensions /W L , and the bias voltages are design 
variables used to obtain the optimal noise and imped-
ance match. The popularity of this low-noise ampli-
fier (LNA) topology is such that various methods have 
been developed to simultaneously optimize its noise 
and impedance match [33].

The block diagram of a double-balanced, broad-
band, type II SOM is depicted in Figure 21 [22]. Since 
this SOM is fully differential, in contrast to the one 
in Figure 19 which is SB, the basic oscillator circuit 
in Figure 9 needs to be modified before it can be 
stacked on top of the switching core. The first step is 
to split each transistor in the cross-coupled pair into 

two parallel transistors as shown in Figure 22(a). The 
second step is to rearrange the topology as shown in 
Figure 22(b) to get two cross-coupled pairs that share 
the same LC-tank. The advantage of this approach is 
that it is equivalent to having two parallel LC-tank 
oscillators but relying on only one LC-tank, thereby 
saving a noticeable amount of chip area. More impor-
tantly, this new configuration can be connected to the 
mixer core to act as a fully balanced load. The dc cur-
rent through the left- and right-hand side of the oscilla-
tor is half of the original value, and the transistor gate 
widths are also appropriately scaled. The detailed cir-
cuit schematic of this SOM is shown in Figure 23.
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A key design goal for any SOM is to minimize its 
NF. In the noise theory of CM mixers, the LO wave-
form plays a dominant role in the level of thermal 
and flicker noise produced by the mixer [34], [35]. 
The impact of the LO signal on the mixer’s noise per-
formance is often called “switching noise” because 
the LO signal controls the transient response of 
the switching devices. The switching noise can be 
reduced by minimizing the dc current through the 
switches and by making the LO have sharp high/low 
transitions. A high current is needed to mitigate the 
NF of the transconductor stage below the switching 
core. One way to meet these opposing demands on 
the mixer’s dc current is to use current bleeding. In 
Figure 23, transistors M7  and M8  form the current 
bleeding subcircuit whose purpose is to inject extra dc 
current into the bottom transconductors. This allows 
the switching devices M3 –M6  to be biased with a 
lower overdrive voltage and, by extension, a lower 
dc current. In this manner, less LO power is needed 
for switching, which makes the switching more ideal. 
The series inductor between the drain terminals of 
M1  and M2  resonates with the drain capacitance of 
the two devices, which helps to reduce the flicker 
noise of the mixer. Applying these design techniques 
yields a low SOM NF and a good conversion gain over 

a broad bandwidth. Figure 24 shows the measured 
conversion gain and double sideband (DSB) NF of the 
SOM under discussion as a function of frequency. A 
photograph of the chip, which measures 0.47 mm2 in 
area, is shown in Figure 25. A comparison table of 
recent SOMs is shown in Table 1.

Conclusion 
The prospect of reducing the parts count, power 
consumption, and cost of a system by merging the 
mixing and signal generation functions into one cir-
cuit block explains the lasting appeal of SOMs. The 
widespread popularity of SOMs in the first half of 
the 20th century was because the economics of the 
electronics industry at the time made them com-
petitive in the marketplace. The arrival of solid-state 
devices changed the dynamic, and SOMs became 
more of a curiosity for a good while until the turn 
of the 21st century. SOMs have a promising future 
again because they are a natural fit for active anten-
nas, whose most intriguing application these days is 
the IoT. Technologies related to radar and telecom-
munications also stand to benefit from the recent 
advances in CMOS SOMs because their performance, 
when evaluated at the system level, is now compa-
rable to using individual mixer and oscillator blocks.

Table 1. Modern SOM performance summary. 

Reference
Circuit 
Type Technology fRF  (GHz)

Mixing 
Order

Conv. 
Gain 
(dB)

DC 
Power 
(mW) NF (dB)

PN* 
dBc/
Hz)

IIP3 
(dBm)

LO–RF 
Iso. (dB)

Size  
(mm2 )

[15] UB pHEMT  
0.15 nm

70–85 2 -15.0 — — -76 — -10 2.0

[36] SB Hybrid 5.8 3 11.1 32 6.9 — — — —

[37] SB Hybrid 24.6–25.5 2 -15 52 — — — — —

[17] CM CMOS  
0.18 nm

4.1–4.6 1 10.9 3.14 14.5 -80 -11.8 -37 0.96

[19] CM CMOS  
0.13 nm

5–6 
9.8–11.8

1
2

12
12

68
68

8.7
10.9

—
—

2
3

-40
-37

0.53
0.53

[20] CM CMOS  
0.13 nm

25.8–30.1 1 26.4 — — -100 — — —

[21] CM CMOS  
0.13 nm

7.8–8.8 1 11.6 12 4.3 -90 -8.3 -59 0.47

[22] CM SiGe 20.1–21.9 1 -10.5 313.5 — -75 — — 1.1

[38] UB Hybrid 30 2 -12 22 — -81 — -50 —

[39] UB Hybrid 5.79 3 11.5 9 — — — — —

[40] UB Hybrid 10.6–11.8 3 2.5 43 — — 9.5 — —

[41] UB Hybrid 4.5 
3.25

2
3

5.95
9.75

—
—

—
—

—
—

—
—

—
—

—
—

[42] CM InGaP/GaAs 2.34–2.54 1 15 60 — -84 -5 — 1.98
*Phase noise (PN) values are quoted for a 100-kHz offset.
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