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Abstract - A W-band monolithic suCharmonicaUy 
pumped ( S W )  resistive &er was designed and fabricated 
using a standard 0.15 pm PHEMT process. A nonlinear 
model featuring modified drairwment characteristics was 
developed and used in circuit simulation. A small  chip size of 
1.5 I 1.0 mm' was achieved by using a transformer as a LO 
balun. Measured results of this circuit showed 14-18 dB 
couYemion losses I" 75 to 88 GEJq and agree well with 
simulation. Analysis on circuit imbalance shows that the 
phase imbalance of the balun is the dominant factor on LO 
isolation, and the conversion Ion is quite robust to all circuit 
imbalances. 

Jnder Terms-Millimeter wave mixers. MMlCs 

I. INTRODUCTION 

Resistive mixers have lower LO power requirements, 
superior linearity and widcr dynamic range compared with 
active FET mixers and diode mixers [l], therefore they are 
well suited for high linearity mixing operations. Sub- 
harmonically pumped (SHP) resistive mixers have the 
advantages of good LO-to-RF and LO-to-IF isolations due 
to the differential LO signal, and therefore are often used 
[2]-[5]. However, this architecture requires a LO balun, 
which may occupy up to one-third (approximately 780 pm 
x 1100 pm) of the entire chip area [SI. 

In this work, we designed a transformer balun using two 
intertwining spiral coils to reduce the size of the LO balun. 
The entire balun occupies a total area of 250 pm by 350 
pm (including the two grounding via holes), which greatly 
reduced the size of the circuit. A study on balun 
imbalance can be used to predict the LO isolation 
performance. A resistive model was developed, with a 
modified drain-source conductance equation; measuremenl 
results of the final circuit agree well with simulation 
results, which validate our model. By using a " p a d  
transformer balun, the chip size is only 1.5 x 1.0 mm', 
very small compared to other resistive mixers (see Table 1 
and 11), and requires no off-chip haluns. 

11. CIRCUIT DESIGN 

This circuit was fabricated using TRWs 0.15-pn 
standard high linearity GaAs PHEMT process. This 
process features a 100-pm substrate, MIM capacitors, air 
bridges, TFR resistors and spiral inductors. AWR's 
Microwave Oftice was used for circuit simulation, and a 
user-defined model was used for design. EM simulations 
(SONNET) was used to accurately simulate the LO balun, 
coupled lines, junctions, and other discontinuities. 

A. Device Model 

Most large signal models are designed to operate in 
class A and class AB region of the device but oPm neglect 
accurate description of the resistive region; therefore a 
resistive model was developed and is most useful in 
resistive mixer simulations [6]. In our model, we have 
adapted a more complex equation 

in which 

The function AV& is a two-segment line with a 
continuous transition: when (V, - B) is very negative,AV,) 
-0; when (V, - B) is very positive.AV,) - k(V, - B). B is 
equivalent to V, of the device, k defines the slope of the 
second l i e  segment, and A defines the change rate of the 
kansition. The inclusion of A and k into the equation 
allows us to adjust the channel conductance at near hun-on 
region of the device. 

B. Design of Transformer Balun 

In order tu reduce the size of the balun, a compact 
transformer [7] is used to provide the differential LO 
signal. Full-wave EM simulator was used to simulate the 
entire structure and port reduction techniques were used to 
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measure the transformer on-wafer [El. Figure 1 shows the 
simulated and measured results of the transformer. From 
the measured results we can see that the msformer is 

photograph of this circuit is shown in Fig. 3, chip sue  is 
1.5 mm x 1.0 m. 

under-coupled, caused by the insufficient coupling 
between metals. The imbalance of tbe balun on circuit 
performance will be discussed in the next section. The 
layout of the balun occupies only a miniature area of 250 
pm by 350 pm (including the two via holes). 
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t ig. 3 Photograph of the SHP mixm chlp 

m. EFF'ECTS OF BALUN IMBALANCES ON cmcm 
PWORMANCE 

The imbalances of the balun and transistors will affect 
both the isolation and the conversion loss of the circuit. A 
simple analysis can be performed on the imbalance of the 
differential signal paths to LO isolations. The LO si@ at 

Fig. I. Inwnion IOSFCS a d  phase &flcnmcv of the wnifomn 
M e a w c d  resulu are in hold. and mwlairul result.. In don& lines: 

the connection of the two tranristor drains (point P Tn Fig. 
2)  can be exoreswd in ohasor notation BF 

measured results at 36 GHz are 5.68 dB, 4.51 dB and phase 
diffemce of 163.Y. 

.--___e% ___- -' 
Fig. 2. Schematic ofthe SHP resistive--er 

C. SHP Resistive Mixer Design 

The schematic of the SHP resistive mixer is shown in 
Fig. 2. Two fow-finger devices with total gate width of 40 
pm were used for mixing operations, and are connected 
together at the drams. Short stub matching circuits were 
used to match the input impedance of the devices to the 
LO balun, and to provide gate bias. Filters were applied at 
IF and RF ports for matching and isolation purposes. The 

I 

Fig 4. Graphical cxpression ofequation (3) 

A,, A2, Li, and Lz are shown in Pig. 2, wbicb represents 
the insertion losses of the LO balun, and the insertion 
losses of the matching circuits to the transistors, with the 
input LO signal normalized to unity. These four 
parameters are complex in nature, but are made to be real 
positive in (3), and their complex phase te rm are 
absorbed into 4 and h, which usually differs by a value 
close to E. A graphical interpretation of (3) is shown in 
Fig. 4. From equation (3) it is easy to see, when the entire 
circuit is balanced, AI= A2, L, = Lk and 4 = 4 + z, then S 
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= 0, which means that the LO isolation at RF and IF is 
infinitely large. If the two are not balanced, by using the 
law of cosines (as shown in Fig. 4) and a second order 
Taylor expansion of the cosine fundion assuming the 
pbase difference to be 180f2Oo, the amplitude of the LO 
signal will be 

IS\ = &,A, - L,A, Y +A, A , L , L , A ~ ) .  (4) 

ISl/L =&At -A,)z +A,A,A( ' ) .  (5 )  

If L,  = L a  the equation may be simplified to 

It is worth noting from (4) and more obvious from ( S ) ,  
the effects of phase imbalance have a more drastic effect 
on LO isolation than amplitude imbalance. For our balun, 
the measured insertion loss at the differential ports are 
5.68 dB and 4.51 dB, and phase difference of 163.5", the 
contribution of the balun to isolation is only 15 dB, which 
is 7.2 dB less than 22.2 dB if the phase difference is 
exactly 180". The simulated LO isolation of the matching 
circuit and transistor is about I O  dB, and the LO isolation 
of the IF filter is I5 dB, therefore LO to IF isolation is 
about 40 dB. 

The amplitude and pbase imbalance of the balun also 
have an effect on conversion loss performance, but is less 
severe than isolation degradation. For example, a 3 dB 
amplitude difference in balun signals will degrade 
isolation up to 9.5 dB compared to a balun with 1 dB 
amplitude difference, but the total conversion loss is 
degraded by only 1.2 dB, and the degradation due to phase 
imbalance is almost negligible. 

IV. h4EASURED RESULTS AND DISCUSSIONS 

This circuit was measured via on wafer probing. The 
measured conversion loss versus RF frequency is plotted 
in Fig. 5 against simulation results. The circuit has an 
average conversion loss of 17 dB from 75 to 88 GHz, and 
has a best conversion loss of 14 dB at 86 GHz. As it is 
shown in Fig. 5 ,  the simulation predicted the performance 
of the circuit reasonably. Measured LO to IF isolation is 
40 dB, which is consistent with the conclusion in the 
previous section. LO to RF isolation is not measured due 
to the cutaff nature of the WR-IO probe at the RF port. 

7he RF compression performance of this circuit bas also 
been measured at 77 GHz, shown in Fig. 6. A RF 
amplifier module [9] was used to provide additional RF 
power. As the figure shows, the circuit showed about 1 dB 
conversion loss compression for an RF input power of 0 
dBm. Compared with recent data on W-band diode mixers 
[13], the resistive mixer can handle 6 dB higher RF power 
than diode mixers. 

Table I shows the comparisons of previously reported 
SHP resistive mixers and this work. In [SI, a single device 
is divided into two gate manifolds, reducing the via-bole 
and &ain line parasitic, greatly improvine the conversion 
loss compared to standard transmission line connections, 
similar parasitic reducing techniques were also used in [4]; 
this technique may be applied to our circuit to improve the 
conversion loss. In Table 11, we compared our circuit with 
reported fundamental resistive mixers. From both tables, it 
is observed that our circuit is the smallest fully monolithic 
resistive mixer Although [ I I] has the smallest chip size 
of 0.87 mm', it requires an off-chip IF balun. 
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Fig. 5. Measured umversion loss vmus frequency. Bold line is 
measured performance, and don4 line is the simulation result. 
LO is set at 36 GHz, 5 am, and FS is sel at -12 dBm 
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Fig. 6. Measured FS compression performance of the circuif 
relative to conversion loss at -15 dBm RF power. 
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V. CONCLUSION 

A W-band sub-hannonic resistive mixer has been 
realized using standard 0.15 pm GaAs PHEMT process. 
A miniature transformer balun was designed to reduce the 
circuit size. A nonlinear model was developed to better fit 
the channel characteristics of the device. Due to the 
transformer balun, the chip size of this circuit is only 1.5 
mm2. Measured results demonstrated a moderate 14-18 
dB conversion loss fiom 75 to 88 GHz, which agrees well 
with simulation results, validating our model. 

An analysis on the imbalance of the M signals on 
circuit performance shows that phase imbalance is the 
dominating factor to isolation performance rather than 
amplitude imbalance, and the imbalances of either balun or 
transistors are insignificant to conversion loss. 
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TABLE I 
COMPARISON OF REPORTED S I P  RESISTIVE MIXERS 

TABLE I1 

‘The circuits in this table except for this work are hdamental  mixers 
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