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Abstract— This paper presents a study of different 

monolithic power combining structures. The first step was to 

analyze using an electromagnetic simulator some circular 

spiral inductors and compare the results with experimental 

measurements. The simulator is a 2.5-D electromagnetic 

simulator, the ADS Momentum. The inductors were made in 

CMOS 0.18 μm technology.  

The most common power combining structures are 

coupled inductors transformer, transmission line transformer 

and LC baluns. Wilkinson coupler and branchline coupler are 

included in this paper. These structures are studied in this 

dissertation and later will be designed with the least possible 

insertion losses. Finally a selected power combiner will be 

built and included in a power amplifier application. 
Keywords-component; Inductors; Transformers; Power 

Combiners; Radio-Frequency; CMOS  

I. INTRODUCTION 

Current technology exists thanks to remarkable inventors 

and researchers. Since 1888, the names of the inventors 

related to radiofrequency communications are Heinrich Hertz, 

Guglielmo Marconi and Nikola Tesla. In the area of 

electronic, the great inventions are the transistor in 1947 and 

later, in 1958, the invention of integrated circuit by Jack 

Kilby. The RF integrated circuits (RFIC) can be made by 

combining these two areas. The RFIC’s were earlier 

fabricated in Gallium Arsenide (GaAs) substrates due to high 

bandwidth, less sensitive to heat and to the high quality of the 

passive components. Later GaAs is being replaced by silicon 

because it is abundant, cheap to process, provides higher 

integration density and is fully compatible with lower 

frequency CMOS digital circuits. 

To follow the telecommunications market improvement, 

new solutions and technologies are required to implement 

high-efficiency and high-power circuits like power 

amplifiers. The use of power combining techniques is 

mandatory to achieve the necessary output power levels. The 

differential to single-ended conversion and impedance level 

transformation are also desirable properties of these circuits. 

To reduce manufacturing cost, size and development time 

all of the RF functional blocks should be fully integrated.  

This works goal are to prove that the electromagnetic 

simulator is capable to predict new structures behavior 

accurately, design and simulate power combiners with 

0.18μm CMOS technology, work for 2.5GHz frequency 

applications, obtain the lowest possible insertion loss and 

finally choose and fabricate a design. 

A balun is a device which couples a balanced circuit to an 

unbalanced one. In integrated transceivers the antenna is 

usually single-ended, but monolithic circuits work better with 

differential topologies. This means that the baluns are very 

useful, and their integration is highly desirable. 

The most common techniques to achieve power 

combining and impedance-transformation use coupled 

inductors transformers, coupled transmission line 

transformers and LC baluns. 

In 1981, the first monolithic transformer was fabricated on 

an alumina ceramic substrate [1]. Nowadays, they are 

fabricated in silicon substrate. A coupled inductor transformer 

is created by magnetically coupling two inductors. The 

performance of this transformer is dominated by the quality 

factor of the technology inductors. 

In 2002 a new kind of transformer was published, made 

with coupled transmission lines [2]. At radio frequencies the 

transmission lines are electrically short and behave like 

lumped inductors. Unlike the coupled inductors transformer 

which use spirals inductors, the transmission line transformer 

use slab inductors which is former by a straight piece of 

metal. The slab inductors length and width control the slab 

inductance.  

Patrick Reynaert and Michiel Steyaert have studied and 

have published the LC baluns in 2005 [3]. To obtain a 

differential input is required to combine two LC impedance-

transformation network. One of the networks has series 

capacitor and a parallel inductor and the other has series 

inductor and parallel capacitor. The basic circuits for power 

combining are shown in Fig. 1. 
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Fig. 1. Power combining circuits: (a) coupled inductors transformer; (b) 

transmission line transformer; (c) LC balun. 
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II. INDUCTORS 

A. Theory of Inductors 

To obtain spiral inductors with high performance is very 

important to reduce their losses. Nowadays passive inductors 

have better performance because technologies have more 

metal layers and copper is being used to reduce resistivity. 

There are many shapes for spirals inductors. The most 

common shapes are square, octagon and circle (Fig. 2). 

 

Fig. 2. (a) Square shape; (b) Octagon shape; (c) Circular shape. 

Some technologies only allow square shapes. If the 

process technology allows 45 degree angles, then octagon 

shapes can be made. With some processes it is possible to 

produce circular shape inductors. The circular has the shorter 

perimeter, then the circular inductor gives the highest 

inductance and quality factor values [4]. 

The other techniques to design an optimal inductor are to 

choose a low metal resistivity in the upper metal layers, use 

the farthest metal from the substrate; large hole in the center 

of the inductor to reduce negative effect on inductor quality 

factor, use large width lines will reduce the resistance but if 

they are too large, the center of the inductor will be occupied 

and small space between the lines but, if is too narrow, will 

increase the capacitance between the metals. 

A circuit model is important to describe the electric 

behavior of the inductors. A compact electric model is 

described in [5] and shown in Fig. 3  and is probably the most 

used by the semiconductor industry. 
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Fig. 3. Compact inductor electric model. 

In this circuit, LS models the self-inductance, RS is the 

spiral resistance, the capacitance Cox is the parasitic 

capacitance from the metal layer to the substrate, the 

resistance Rsub models the resistance of the conductive Si 

substrate, the capacitive coupling CS from port 1 to port 2 and 

the capacitance Csub of the substrate. 

 

B. Electromagnectic Simulations 

Some circular inductors were fabricated in CMOS 0.18 

μm technology from UMC manufacturer. The objective is to 

configure the simulator substrate description as close as 

possible to the reality. This task is not easy because often the 

substrate electrical and geometrical properties are not fully 

supplied by the foundries. All fabricated inductors were 

measured and compared with electromagnetic simulations. 

The results were obtained up to 20GHz, with 2 GHz steps, 

because we would like to see the behavior of the smaller 

inductors up to higher frequencies. 

In Fig. 4 is one of eight examples of layouts designed in 

Cadence and Momentum with 0.585 nH of self-inductance, 

inner diameter with 126 µm, 6 µm of width and 1.5 turns. 

 

   
Fig. 4. Left - Layout in Cadence; Right - Layout in Momentum. 

 

The Fig. 5 and Fig. 6 are the simulations results. 

 
Fig. 5. Simulated (blue) and measured (red) S-parameters. 

 

 
Fig. 6. Simulated (blue) and measured (red) Ls and Rs. 

 

Analyzing the simulated and measured results some 

conclusions can be made such us good agreement exists 

between simulated and measured S-parameters. This means 

that the electromagnetic simulations give accurate results and 

are trustable to design new devices. Although the 

manufacturer gives the information that his technology and 

RF models are usable up to 10GHz, these results allow the 

extension and test of the models validity up to higher 

frequencies. Equivalent resistance, Rs, presents lower 

experimental values then simulated ones. This means that 

metal 6 resistivity used in the simulations, that is the typical 

value supplied by the foundry, is too high. But the differences 

are within the 50% tolerance announced by the manufacturer. 
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III. THEORY OF MONOLITHIC POWER COMBINERS 

A. Transformers 

 

 
Fig. 7. Stacked transformer. 

 

The stacked transformer is made by using multiple layers. 

A stacked design has better area efficiency due to vertical 

magnetic coupling instead of lateral coupling between 

windings (Fig. 7). High coupling coefficient values, around 

0.9, and high values for L1 and L2 can be achieved. The main 

disadvantage is to have higher parasitic capacitances because 

it uses a lower metal layer. 
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Fig. 8. Compact model transformer. 

Fig. 8 models a compact transformer where the core is an 

ideal transformer with a magnetizing inductance LM [6]. The 

imperfect coupling or leakage of magnetic flux between turns 

is modeled by inductance LP. The ohmic losses in both 

primary and secondary windings are represented by the 

resistances RP and RS. LP, RP and RS are characterized by two 

components of half their magnitude in series, representing the 

longitudinal symmetry of the transformer. The capacitances 

CM1 and CM2 are the parallel capacitances between the 

primary and secondary and are used to describe the coupling 

effect of the transformer at high operating frequencies. The 

parasitic capacitive couplings between winding turns are 

represented by CP and CS. The capacitances Cox models the 

parasitic capacitive into the oxide and the capacitances Csub 

into the substrate. The ohmic losses through the substrate are 

modeled by the resistances Rsub. 

B. Transmisson Line Transformers 

The Fig. 9 is an example of a transmission line 

transformer. 
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Fig. 9. Output network with transmission lines. 

The transmission line transformer (TLT) is two parallel 

lines that's couple energy between them. At microwave and 

above frequencies, the TLT has distributed behaviors which 

are coupled transmission lines. At RF, the TLT has a lumped 

behavior, so the structure can be assumed to be coupled 

inductors.  

C. LC Balun 

To perform a single-ended to differential connection a LC 

balun can be used. To understand the balun behavior the 

starting point can be the floating LC circuit in Fig. 10. 
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Fig. 10. Floating LC network. 

Analyzing the circuit in Fig. 10, the output voltage (1) and 

input resistance can be obtained (2). 
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D. Wilkinson coupler  

The Wilkinson power divider/combiner is a three-port 

network which splits an input signal into two equal phase 

output signals or combines two equal phase input signals into 

one output signal. Wilkinson uses two quarter-wavelength 

transformers to match the split ports to the common port, Fig. 

11. A lossless reciprocal passive three-port junction cannot be 

matched at all ports simultaneously so a resistor is introduced 

to match the ports and to improve the isolation of the output 

ports. Theoretically the resistor does not dissipate any power 
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since ports 1 and 2 are in phase, so the Wilkinson power 

combiner is lossless, but in practice there are some low 

losses. The Wilkinson can be an N-way divider/combiner, but 

the most common implementation is with N=2 [7].  
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Fig. 11. Wilkinson combiner. 

The power combiners usually use quarter-wave 

transmission line sections at the design center frequency 

where the dimensions in RF will be enormous due to the large 

wavelength. To avoid this problem, the quarter-wave 

transmission line can be replaced with lumped elements.  

By replacing both λ/4 line sections with the lumped 

element network, is possible to obtain a lumped version of the 

Wilkinson combiner (Fig. 12). 
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Fig. 12. Lumped element Wilkinson combiner. 

E. Branchline couplers  

The branchline coupler is a quadrature coupler with 

quarter wavelength in each transmission line. The coupler has 

four symmetrical ports where Port 1 and Port 2 are inputs 

with 90º phase difference between them, Port 3 is the output 

and Port 4 is the isolated port (Fig. 13) [7]. 
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Fig. 13. Branchline coupler. 

Replacing the λ/4 line sections with the lumped element, 

the lumped version of the branchline coupler is demonstrated 

in Fig. 14. 
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Fig. 14. Lumped branchline coupler. 

IV. PROJECT OF MONOLITHIC POWER COMBINERS 

A. Transformer 

All of the designed coupled inductor transformers are 

square shaped and stacked type. In Fig. 15, a square 

transformer is presented where L stands for inner diameter 

and W for the spirals width. 

 
Fig. 15. Square transformer. 

All of the designed and simulated transformers have: 

1) L = 300 µm and W = 5 µm; 

2) L = 300 µm and W = 10 µm; 

3) L = 300 µm and W = 20 µm; 

4) L = 300 µm, W = 20 µm and secondary with metal 5 

and metal 4; 

5) L = 300 µm, W = 20 µm, secondary with metal 5 

and metal 4 and pwell ground plane; 

6) L = 500 µm, W = 20 µm, secondary with metal 5 

and metal 4 and pwell ground plane; 

All the results simulated in 2.2 GHz are indicated in the 

Table 1. 
Table 1 - Simulated transformers at 2.2 GHz. 

 2.2 GHz 

LP (nH) LS (nH) RP (Ω) RS (Ω) Gp (dB) 

1) 1.06 1.11 5.25 15.46 -6.22 

2) 0.96 0.99 2.69 8.02 -3.91 

3) 0.85 0.86 1.50 4.3 -2.68 

4) 0.84 0.84 1.55 2.31 -2.61 

5) 0.85 0.85 1.55 2.31 -2.68 

6) 1.73 1.73 2.98 4.65 -1.70 
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All transformers were simulated with 4-ports and 

transformed to floating 2-ports. The values of the designed 

transformers k parameter are around 0.86 to 0.92 at 2.2 GHz. 

The highest Gp obtained in that frequency are the 

transformers with 20 µm of width and a large inner diameter. 

All simulated transformers work very well from 2 GHz until 

10 GHz except the largest one that works well up to 4 GHz 

due to resonant frequency. Resonant frequency can be 

analyzed in S11 smith chart when input port reflection 

coefficient is inductance and pass to capacitance. Analyzing 

S11, capacitors can be added in the transformer input if 

resistive input impedance is required.  

B. Transmisson Line Transformer 

Several transmission line transformers were design with 

different length (L), primary width (W1) and secondary width 

(W2). In Fig. 16 is an example of TLT with 2 stripes. 

L

W1 W2

 
Fig. 16. Transmission line transformer. 

The designed and simulated TLT have: 

1) L = 500 µm and  W1 = W2 = 10 µm; 

2) L = 500 µm and  W1 = W2 = 20 µm; 

3) L = 500 µm, W1 = 20 µm  and W2 = 10 µm; 

4) L = 500 µm, W1 = W2 = 20 µm and with 4 stripes; 

5) L = 1000 µm, W1 = W2 = 20 µm and with 4 stripes; 

6) L = 1000 µm, W1 = W2 = 20 µm, with 4 stripes and 

pwell ground plane; 

7) L = 2000 µm, W1 = W2 = 20 µm, with 4 stripes and 

pwell ground plane; 

 

The values of simulated TLT at 2.2 GHz are indicated in 

Table 2 
Table 2 - Simulated transmission line transformers at 2.2 GHz. 

 2.2 GHz 

LP (nH) LS (nH) RP (Ω) RS (Ω) Gp (dB) 
1) 0.51 0.51 1.19 1.19 -5.13 

2) 0.45 0.45 0.77 0.77 -4.64 

3) 0.51 0.46 1.21 0.58 -3.86 

4) 0.34 0.35 0.41 0.38 -3.29 

5) 0.69 0.7 0.8 0.76 -2.03 

6) 0.64 0.64 0.89 0.79 -2.54 

7) 1.36 1.36 1.75 1.64 -1.53 

All TLT structures are designed and simulated with 4-

ports and transformed to floating 2-ports. After analyzing the 

results of the TLT, we can conclude that to obtain a 

reasonable Gp at frequencies like 2.2 GHz, the best design 

techniques are long length, large primary width and a medium 

secondary width. The higher Gp values can be achieved with 

a smaller secondary width, but care has to be taken in 

choosing the width due to the output power in the secondary 

line. To obtain a high Gp, the secondary resistance will be 

high. This contradiction is related with the fact that, although 

Rs resistance is large, by coincidence output matching to the 

50  load or coupling coefficient can improve. 

At high frequencies like 20 GHz, the TLT’s Gp values are 

very good. There is an optimal length to achieve the highest 

Gp before the resistance and the resonance frequency affect 

the circuit. Adding more stripes will decrease resistances and 

increase dramatically Gp.  

A TLT in 0.18 µm technology was designed and sent to 

fabrication last March. Fig. 17 has the layout and the 

dimensions of the TLT. 

 
Fig. 17. Transmission line transformer. 

Simulating the TLT sent to foundry, the results are shown 

in Fig. 18. 

 
Fig. 18. Simulated TLT. 

It is difficult to measure a 4-port device on-wafer because 

the calibration substrates available for probes calibration are 

suitable for 2-ports only. Also the probe station available can 

only support 3 RF probes and the TLT is a 4-port device. So, 

it was decided that a simple 2-port measurement will be 

performed to see what the TLT behavior in a balun 

application is. Accordingly, two equal baluns were connected 

back to back at the differential accesses, and the single-ended 
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accesses will be measurements ports. The simulation results 

of the whole structure are presented on Fig. 19. 

 
Fig. 19. TLT whole structure. 

The chip sent to fabricate has an area of 4960 x 1525 µm. 

The TLT structure is inserted in the middle. 

Fig. 20 and Fig. 21 are the chip images. 

 
Fig. 20. Chip image. 

 
Fig. 21. Close up image of TLT on chip. 

The results between the simulated TLT and measured are 

demonstrated in Fig. 22 and Fig. 23. 

 
Fig. 22. S-parameters of simulated TLT (red) and measured TLT (blue). 

 
Fig. 23. Gp of simulated TLT (red) and measured TLT (blue). 

Comparing the results, the values are very close. Whole 

TLT structure has around -12 dB due to introduction of 

another TLT to connect back to back at the differential 

accesses, the guard-rings with pads and connections paths 

that influence highly the Gp values. Also the probable 

reduction of metals resistivity. 

C. LC Balun 

The LC balun was simulated in ADS and Cadence with 

components of the 0.18 µm technology (Fig. 24). 

   
Fig. 24. Schematic of LC balun in Cadence (left) and in ADS (right). 

In Fig. 25 are the layouts designed in Cadence and 

Momentum. 

 

   
Fig. 25. Layout of LC balun in Cadence (left) and in Momentum (right).   
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The results of the simulations are shown in Table 3. 

 
Table 3 - Comparison between simulations in ADS and Cadence of LC 

Balun at 2.5 GHz. 

Simulation 

type 

Gp (dB) α (deg) Re[Zin] 

(Ω) 

Im[Zin] 

(Ω) 

ADS -0.64 173.9 52.29 0.35 

Cadence -0.64 174.1 52.18 0.24 

Cadence 

with parasitics 
-0.71 172.8 50.48 0.4 

Momentum -0.75 180.6 56.67 4.94 

There are some differences between Cadence and 

Momentum simulations with parasitics. Cadence extracted 

parasitics are only capacitances and resistances, while 

Momentum, can simulate the capacitance, resistance, 

inductance and also electromagnetic coupling between circuit 

parts. 

 

D. Wilkinson Combiner 

The Wilkinson combiner is an in-phase combiner not 

appropriate for differential inputs. To simulate this type of 

combiner, 3 ports use is necessary, a port for each access. 

Fig. 26 is an ideal Wilkinson combiner ADS schematic 

with transmission lines. 

 

 
Fig. 26. Ideal Wilkinson combiner with transmission lines. 

The next figure is a lumped version of the Wilkinson 

coupler using 0.18 µm technology components in ADS and 

Cadence. 

 

  
Fig. 27. Lumped Wilkinson combiner with components technology in 

ADS and Cadence. 

The Wilkinson combiner is designed in Cadence and ADS 

(Fig. 28). 

 

     
Fig. 28. Layout of Wilkinson combiner in Cadence and ADS. 

 

 

 
Table 4 - Comparison between simulations in ADS and Cadence of 

Wilkinson combiner at 2.5 GHz. 

Simulation 

type S31 (dB) S32 (dB) S11 (dB) S22 (dB) S33 (dB) 

ADS – 

Transmission 

Lines 
-3.01 -3.01 -82.44 -82.44 -76.42 

ADS - Lumped -3.91 -3.91 -38.23 -38.23 -21.36 

Cadence - 

Lumped -3.91 -3.91 -37.68 -37.68 -21.17 

Cadence – 

Lumped with 

parasitics 

-3.99 -3.99 -31.25 -31.0 -22.42 

Momentum -4.4 -4.39 -31.06 -31.25 -21.31 

The Wilkinson combiner (or divider) ideally has S31 and 

S32 values equal to -3 dB. After substituting the transmission 

lines with passive integrated components, S31 and S32 values 

decreased to around -3.9 dB, which means that each branch 

losses are -0.9 dB. Using Momentum simulator, each branch 

losses increased to -1.4 dB due to parasitics inductance and 

electromagnetic coupling of circuit parts. The designed 

Wilkinson combiner is fully symmetric. 

E. Branchline Coupler 

The ADS schematic of an ideal branchline coupler with 

transmission lines is presented in Fig. 29. 

 

 
Fig. 29. Schematic of an ideal branchline coupler with transmission lines. 
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Lumped schematic of branchline coupler in ADS and 

Cadene are demonstrated in  

 

 
Fig. 30. Schematic of lumped branchline coupler in ADS. 

 
Fig. 31. Schematic of lumped branchline coupler in Cadence. 

Using ADS and Cadence to design the layouts of 

branchline coupler, results are shown in Fig. 32. 

 

  
Fig. 32. Layouts of branchline coupler in Cadence and ADS. 

Table 5 - Comparison between simulations in ADS and Cadence of 

branchline coupler at 2.5 GHz. 

Simulation 

type 
S31 (dB) S32 (dB) S11 (dB) S22 (dB) S33 (dB) 

ADS – 

Transmission 

Lines 

-3.01 -3.01 -76.42 -76.42 --76.42 

ADS - 

Lumped 
-4.89 -4.98 -32.76 -32.14 -32.20 

Cadence - 

Lumped 
-4.90 -4.90 -30.62 -30.82 -30.91 

Cadence – 

Lumped with 

parasitics 

-5.12 -5.15 -32.2 -49.2 -38.6 

Momentum -6.34 -6.13 -32.16 -17.93 -24.91 

The phase difference of all simulated branchline couplers 

are around 90º degrees. Like the Wilkinson combiner, the 

branchline coupler ideally has S31 and S32 qual to -3 dB. 

Analyzing Cadence results simulated with parasitics, each 

branch losses are around -2.1 dB. Due to parasitics 

inductance, electromagnetic coupling and less accurate 

simulation, the gains have -0.2 dB difference and around -3.2 

dB of total loss of each branch 

V. CONCLUSION 

All of the studied power combiners were designed and 

projected. High Gp values can be achieved by designing 

transformers with 20 µm of width and a big inner diameter. 

The chosen structure of power combiner to fabricate was 

TLT. Last March the structure was sent the structure to 

fabrication and some months later the chips with the TLT 

were received. The results between the simulated and 

measured TLT are very close. Results of Cadence and 

Momentum simulations are different due to parasitics 

inductance and electromagnetic coupling of circuit parts. The 

fully symmetric Wilkinson can combine two in-phase signals 

having -1.4 dB losses in each branch.Branchline coupler is a 

quadrature coupler which combines or split two signals that 

are 90 degrees out off phase. The branchline coupler has four 

inductors, so the simulations are very time consuming and 

reveal very high losses (-3.2 dB) in each branch.  

Analyzing all fabricated structures new devices can be 

designed with the electromagnetic simulator. 
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