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Abstract—A differential power amplifier operating at 
millimeter-wave frequencies is demonstrated using a 
65-nm CMOS technology. All of the input, output, 
and inter-stage network are implemented by 
transformers only, enabling impedance matching with 
low loss and a wide bandwidth. The millimeter-wave 
power amplifier exhibits measured small-signal gain 
exceeding 12.6 dB over a 3-dB bandwidth from 45 to 
56 GHz. The output power and PAE are 13 dBm and 
11.7%, respectively at 50 GHz.    
 
Index Terms—CMOS, millimeter-wave, power 
amplifier, transformer    

I. INTRODUCTION 

The CMOS single-chip transceivers have been widely 
implemented at RF and microwave frequencies for low 
cost and high reliability [1, 2]. As the gate width scales 
down deeply, the single-chip solution becomes feasible 
even at millimeter-wave (mm-wave) frequencies [3, 4]. 
Nonetheless, a CMOS power amplifier (PA) is still one 
of the most challenging blocks to integrate on the single-
chip transceivers because of low breakdown voltage and 
high passive-component loss. This challenge becomes 
exacerbated as the frequency increases to mm-wave band. 

Several mm-wave CMOS PAs have been reported for 
space satellite applications at Q band and for gigabit 
short-range communications such as WPAN or wireless 
HD at V band [5-11]. In the PAs, transmission lines, 

stubs, baluns, or transformers were used for impedance 
matching and power combining. Especially, an on-chip 
transformer is a very promising component for mm-wave 
PAs. As the frequency increases, the inductance value 
required for impedance matching is lowered and thus 
making the transformer smaller and less lossy. This 
allows for PA design with a compact size and high gain. 
Therefore, a transformer has been widely employed not 
only for low-frequency PAs [12-14], but also for several 
mm-wave PAs. However, some mm-wave PAs based on 
transformers still suffer from a narrow bandwidth [6, 7] 
or low output power [5]. 

In this paper, we demonstrate an mm-wave wideband 
PA implemented in a 65-nm CMOS technology. To 
achieve low-loss and wideband operation, transformers 
are employed and optimized for the input, inter-stage, 
and output matching network. In Section II, the PA 
design details are described. The measurement results are 
given in Section III, followed by conclusions in Section 
IV.  

II. MM-WAVE PA DESIGN 

A schematic of the proposed mm-wave PA is shown in 
Fig. 1. The PA employs a 3-stage differential common-
source topology. The total gate width of the first two 
stages is 160 μm and the last stage has a total gate width 
of 240 μm to achieve high output power. The impedance 
matching and power combining is fulfilled by four 
transformers (X1–X4).  

 
1. Transistor Cell Layout 

 
In the proposed PA, each transistor cell (M1–M6) is 
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composed of two unit transistors that are combined for 
high operation frequency and high output power. Fig. 2 
shows the layout of the transistor cell used for the first 
and second stages (M1–M4). The metal layer profile is 
also shown. Two unit transistors, each having twenty 
gate fingers of 2-µm width, are placed with drain and 
source flipped over to each other.  

There are two gate feeds located at the opposite sides 
of a unit transistor. However, only one side of the gate 
feed is used for interconnection to simplify the layout 
and avoid excessive parasitic capacitance. The gate feeds 
from two unit transistors are combined using M1 layer 
and go up to the second top layer (OL) for low-loss 
interconnection to the transformer. The drains are 
combined in the middle of two transistors with M2 layer 
and go up to the top layer (LB) for interconnection. The 
sources are grounded with a sufficient number of vias 

from M2 to M1. This dual combined transistor cell 
reduces gate parasitic resistance significantly and 
improves power gain compared to a single transistor cell 
with the same gate width. 

 
2. Transformer Design 

 
A transformer loaded by an admittance YL at the 

secondary winding is shown in Fig. 3(a). LP and LS are 
the inductances of the primary and secondary windings 
respectively, and k is a coupling coefficient. Then, the 
admittance seen looking into the primary winding Ytrns, 
can be readily calculated from a T-equivalent circuit of 
the transformer, as shown in Fig. 3(b). For simplicity of 
analysis, parasitic capacitances and resistances are 
neglected. The turn ratio (n), the mutual inductance (LM) 

M1
(2x40 μm)

50  VDD 
(1.2 V)

VGG 
(0.8 V)

VDD 
(1.2 V)

VGG 
(0.8 V)

VDD 
(1.2 V)

VGG 
(0.8 V)50  

M2
(2x40 μm)

M3
(2x40 μm)

M4
(2x40 μm)

M5
(2x60 μm)

M6
(2x60 μm)

X2 X3 X4
X1

 

Fig. 1. Schematic of the transformer-matched mm-wave PA. 
 

 

Fig. 2. Layout of the combined transistor cell (M1–M4) with a 
total gate width of 2 x 2 μm x 20 fingers. 
 

 

Fig. 3. Transformer loaded by YL at the secondary winding (a), 
its T-equivalent circuit (b), simplified equivalent circuit when k
is high at mm-wave frequencies (c).  
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and the leakage inductances of the primary (L1) and 
secondary (L2) windings are determined by [15] : 
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According to Eqs. (2-4), L1 and L2 are significantly 

smaller than LM when k is high enough. Furthermore, as 
the frequency increases to mm-wave band, the 
inductance required for impedance matching becomes 
smaller, thus reducing the physical size of the 
transformer. Then, the shunt-connected LM becomes 
more dominant than the series-connected L1 and L2. 
Under these conditions, the equivalent circuit simply 
reduces to a shunt combination of LM and YL, as shown 
in Fig. 3(c).  

In order to obtain a high k, three coupled-line 
structures are considered and compared in simulation. 
Fig. 4(a) and (b) show two edge-coupled structures using 
top two thick metal layers (LB and OL layers 
respectively) with the minimum spacing of 2 μm. In 
addition, Fig. 4(c) shows a broadside-coupled structure 
between LB and OL. The line width of the structures is 8 
μm. The simulated coupling coefficients for the three 
structures are 0.64, 0.74, and 0.86, respectively, at 50 
GHz. Hence, we chose the broadside-coupled structure 
for the transformer design.  

Fig. 5 shows a structure of the transformer used for the 
mm-wave PA in this work. The transformer employs a 
single turn to maximize the self-resonant frequency and 
Q-factor at the expense of slight increase of chip area at 
mm-wave frequencies. Two center taps are located at 
both primary and secondary windings for DC biasing in 

the inter-stage transformers (X2 and X3 in Fig. 1). Instead, 
the input and output transformers (X1 and X4) have a 
single center tap at one of the windings using the LB 
layer. 

The diameter of the transformer is utilized as a design 
parameter to achieve individual impedance matching at 
each stage of the PA. In Fig. 6, the simulated LP and LS 
(half inductance values of the primary and secondary 
windings) are shown as a function of the diameter. The 
mutual inductance LM is also calculated from Eq. (2). As 
shown in Fig. 3(c), when k of the transformer is high and 
the dimension is small, the load admittance YL is 
transformed to Ytrns dominantly by LM. Therefore, the 
impedance matching can be performed by choosing a 
proper diameter that determines LM, which is described 
in the following sections. 

 
3. Design of Output Matching Network  

 
A half equivalent circuit of the output matching 

 

Fig. 4. Three coupled-line structures: Edge-coupled line using
LB (a), edge-coupled line using OL (b), broadside-coupled line 
using LB and OL (c).  
 

 

Fig. 5. A transformer structure including two center taps used 
for the mm-wave PA.  
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Fig. 6. Primary, secondary and mutual inductances versus the 
diameter of the transformer. 
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network of the PA is shown in Fig. 7. The primary and 
secondary windings of the transformer (X4) are 
connected to M5 and YL, respectively. For simplicity, the 
load impedance is approximated to be half of 50 Ω, thus 
resulting in YL = 40 mS. The output admittance of M5 
(Yout,M5) is simulated as 7 + j 46 mS at 50 GHz, while the 
load-pull admittance for the maximum output power 
(Yload-pull) is 59 – j 30 mS at 50 GHz. In order to achieve 
both high output power and high gain, the admittance 
seen looking into the transformer, Ytrns,4 should be 
compromised between Y*

out,M5 and Yload-pull. Therefore, 
we chose the target admittance of Ytrns,4 to be 32 - j 56 
mS after several performance simulations. 

In Fig. 8, Ytrns,4 is calculated as a function of shunt 
inductance that is placed between M5 and YL. It is found 
that Ytrns,4 can be closely matched to the target 
admittance by using a single shunt inductor of 45 pH. 
This shunt inductor can be implemented by a mutual 
inductance LM of the transformer (X4), as shown in Fig. 3. 
According to Fig. 6, a diameter of around 70 µm will 
result in LM of 45 pH. It should be noted that there are 
series leakage inductances of L1 and L2 which may also 
affect Ytrns,4. However, L1 and L2 are calculated from Eqs. 
(3, 4) to be 19 and 14 pH, respectively. These series 

inductances correspond to reactance as small as 6 Ω and 
4.4 Ω at 50 GHz, and thus they can be neglected in the 
first order. On the other hand, the susceptance of the 
shunt LM of 45 pH is 70 mS at 50 GHz, which becomes a 
dominant component in the transformer. This reduces the 
transformer equivalent circuit to Fig. 3(c) and allows for 
the output impedance matching fulfilled simply by a 
single transformer.  

To find the optimum diameter of the transformer, a 
full-wave EM simulation was performed and Ytrns,4 of the 
transformer is calculated versus the diameter, shown in 
Fig. 9. It is found that a diameter of 65 µm results in the 
real and imaginary values of Ytrns,4 which fulfill 
compromised matching to the target admittance. Fig. 10 
shows the result of the output admittance transformation 
that is simulated from 40 to 60 GHz. As expected, the 
output load YL is transformed to Ytrns,4 by X4, which is 

Ytrns,4

Yout,M5
M5

Transformer, X4

LP LS

k

YL= 40 mS
 

Fig. 7. Output matching network of the mm-wave PA. 
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Fig. 8. Simulated Ytrns,4 at 50 GHz as a function of LM. The 
target admittance of Ytrns,4 for the optimum matching is 
superimposed. 
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Fig. 9. Simulated Ytrns,4 at 50 GHz as a function of diameter of 
the transformer. The target admittance of Ytrns,4 for the optimum 
matching is superimposed. 
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Fig. 10. Output matching process simulated from 40 to 60 GHz. 
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located between Y*
out,M5 and Yload-pull to achieve both high 

gain and high output power.  
 

4. Design of Inter-stage Matching Network 
 
Fig. 11 shows a half equivalent circuit of the inter-

stage matching network between M3 and M5. For high 
gain of the PA, Yout,M3 is transformed by a transformer X3 
into Ytrns,3 that should be the complex conjugate of Yin,M5. 
Since Yout,M3 = 7 + j 36 mS and Y*

in,M5 = 14 – j 47 mS at 
50 GHz, the impedance transformation could be 
primarily fulfilled by a shunt inductor that is provided by 
the mutual inductance of X3. To verify the feasibility, 
Ytrns,3 is simulated as a function of the diameter of X3 and 
compared to Y*

in,M5 in Fig. 12. It can be seen that a 
diameter of 65 µm achieves the optimum conjugate 
matching between M3 and M5. Fig. 13 shows the 
admittance transformation result of the inter-stage 
matching simulated from 40 to 60 GHz. The transformed 
admittance Ytrns,3 lies close to Y*

in,M5 as expected. The 
matching performance is a little degraded at the high-
frequency end due to the effect of parasitic components 
of the transformer other than LM. 

The inter-stage matching network between M1 and M3 

is also designed with a transformer X2 in a similar way. 
The mutual inductance of X2 is utilized for conjugate 
matching and its diameter is determined to be 50 µm. 

 
5. Design of Input Matching Network 

 
Fig. 14 shows a half equivalent circuit of the input 

matching network. For conjugate matching, Ytrns,1 should 
be equal to Y*

in,M1 which is simulated to be 3 – j 55 mS at 
50 GHz. However, as shown in Fig. 15, the real-part 
condition cannot be satisfied with a single transformer, 
and instead requires an additional series inductance of 9 
pH. This small inductor is implemented using a short 
interconnection line of 70 µm between X1 and M1. 
Finally, the diameter of X1 is determined to be 45 µm. 
The process of the admittance transformation from Yg to 
Ytrns,1 is shown in Fig. 16.  

III. MEASUREMENT 

The PA is implemented in a 65-nm 1P10M low-power 
CMOS technology. The ft and fmax of this technology are 

 

Fig. 11. Inter-stage matching network of the mm-wave PA.  
 

45 50 55 60 65 70 75
0

20

40

60

80

100
 

Diameter (  m)

Re
{Y

trn
s,

3} 
(m

S)

-160

-120

-80

-40

Im
{Y

trns,3 } (m
S)

 

Fig. 12. Simulated Ytrns,3 at 50 GHz as a function of diameter of 
the transformer. The target admittance of Ytrns,3, which is 
Y*in,M5, is superimposed. 
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Fig. 13. Inter-stage matching process simulated from 40 to 60 
GHz.  

 

 

Fig. 14. Input matching network of the mm-wave PA.  
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180 and 200 GHz, respectively. The chip photograph of 
the PA is shown in Fig. 17. The chip size is 0.98 × 0.55 
mm2 including the probing pads. Fig. 18 shows the 
measured S-parameters of the PA. The peak small-signal 
gain is 15.6 dB at 50 GHz and the 3-dB bandwidth is 11 
GHz from 45 to 56 GHz. Compared to the simulation, 
the measured gain is shifted by 5 GHz in frequency. The 
discrepancy presumably comes from inaccurate transistor 
model at mm-wave frequency band.  

The measured output power, gain, and PAE versus the 
input power at 50 GHz are shown in Fig. 19. The 
maximum output power of 13 dBm is achieved with PAE 
of 11.7%.  

Table 1 compares the performance of the proposed PA 
with that of other mm-wave CMOS PAs at the similar 
frequency band. The PA in this work exhibits relatively 
wideband operation and competitive output power and 

PAE due to the transformer-based matching network. 

IV. CONCLUSIONS 

An mm-wave PA is fabricated in a 65-nm CMOS 
technology. To achieve low-loss and wideband matching, 
all matching networks are implemented using 
transformers. The PA exhibits a peak gain of 15.6 dB and 
a 3-dB bandwidth ranging from 45 to 56 GHz. The peak 
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Fig. 15. Simulated Ytrns,1 at 50 GHz as a function of diameter of 
the transformer. The target admittance of Ytrns,3, which is 
Y*in,M1, is superimposed. 
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Fig. 16. Input matching process simulated from 40 to 60 GHz.  

 

Fig. 17. Photograph of the mm-wave PA. 
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Fig. 18. Measured (solid line) and simulated (dashed line) S-
parameters. 
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Fig. 19. Measured output power, gain and PAE versus the input 
power at 50 GHz. 
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output power and PAE are measured to be 13 dBm and 
11.7%, respectively.  
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