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1 Introduction 

 

1.1 Project Statement: 

 

Radio frequency (“RF”) power measurement has its own significance to modern 

communication technology. Large number of systems and components are required 

accurate and efficient RF power detection. The reason in choosing power detection 

over voltage is because a waveguide setup is very difficult in measuring.  

 

Our client, PowerFilm. Inc, needs us to build a low cost RF power meter which can 

successfully measure his RF source. PowerFilm. Inc is a solar cell fabrication 

industry, and there are hundreds of power generation machines. Our goal is to 

design a power meter for their measurement, however the price has to be low in 

order for massive production. So the ultimate mission for us is to construct a low 

cost RF power meter and test the product to ensure its compatibility and accuracy. 

 

 

1.2 Specifications: 

 RF pickup  

 Capable of measuring forward and reflected power  

 Capable of measuring sinusoidal RF input  

 Capable of measuring sinusoidal modulated pulse RF input 

 Power range: 100-250W  

 Frequency level: 13.5MHz and 40Mhz  

 Output voltage within 5V  

 Attenuation up to 60dB for output voltage 

 Be able to connect to RF transmission line using Type N connector  

 Total error within 5%  

 Under 100 dollars  

 A plan for power measurement up to 1200W  

 Safe and easy to use  

 

 

1.3 Deliverables: 

 

First semester:  

 Wired directional coupler  

 Detector simulations  

 Project plan and design document  

  

Second semester:  

 PCB board  

 Aluminum closure with all components  
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2 Design Overview 

 

2.1 Definitions 

 

Watt 

Watt (W) is one of the International System of Units which is usually used for power 

and energy. Watt can also be defined as one joule per second. 

 

dB 

The decibel is a unit of power ratio. 

𝐿𝑑𝐵 = 10𝑙𝑜𝑔10(
𝑃1

𝑃2
) 

So, 10 dB means 10 power ratio  

       20 dB means 100 power ratio 

       30 dB means 1000 power ratio 

 

 

dBm  

dBm is also a unit of power ratio. The difference between dB and dBm is: 

𝑥 = 10𝑙𝑜𝑔10(
𝑃

1𝑚𝑊
) 

 

 

DC 

Direct current means in the circuit there is only one direction for current. It is usually 

produced by batteries. 

 

AC 

Alternating current means in the circuit the current reverses its direction in period 

time. 

 

Impedance   

Impedance (Z) is the resistance reference to AC circuits. 

Z = R + jX, where R is resistance, and X is reactance  

 

Rectifier 

Device converts AC to DC.  

 

Power 

Electric power (P) is defined how much work/energy will be done in period time. 

𝑃 = 𝑤𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 = 𝑉𝐼 =
𝑉2

𝑅
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2.2 Block Diagram 

 

 

 

 

 

 

  

System Block Diagram 
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3 Design Decomposition 

 

3.1 Transmission Line 

 

A transmission line is a cable which is designed to carry radio frequency. It will be 

used to connect the generator to a 50Ω load. According to the requirements of our 

client: power ranges from 20 to 60 dBm with 13.5 or 40MHz, we choose RG-8A/U 

to be our transmission line. The datasheet is below: 

 

 

General Specifications   

Outer Diameter 0.45inches Center Conductor Stranded copper 

Impedance 50 Ohm Outer Conductor Braid 

Velocity of Prop. 66% Jacket Black 

Max Frequency 1000MHz Shielding Braid bare copper 

  

  

  Attenuation (dB per 100 feet)   

MHz: 1 10 50 400 700 900 1000 

#2247 RF-8X 0.2 0.6 1.3 4.1 6.5 7.6 8 

  

    

 

 

  

Table 2: RG-8A/U Data Sheet [1] 
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3.2 Directional Coupler 

 

The directional coupler can help us to split a measurable power that can be used in 

another circuit (detector). In this project, we try to build a directional coupler at -30 

dB coupling factor with 100-250W power rangers, and capability is from 0-1000W. 

 

In order to understand how our directional coupler works some concepts must be 

made clear. (Fig. 1) For our directional coupler, there is an input port from generator, 

an output port to load and two coupled ports below to our diode detector circuit. RF 

power can be consider a standing wave which consists of two traveling waves, one 

moving from generator to the load (the forward wave) and another one (the reflected 

wave) moving in the opposite direction. These waves moving through transmission 

line in the directional coupler gives a forward power (Pf) and a reflected power 

(Pr). 𝑃𝑙𝑜𝑎𝑑 = 𝑃𝑓 − 𝑃𝑟  If the load is 50Ω, then the forward wave is terminated in this 

resistor and the forward power will be the power to send to the load resistor. Since 

the characteristic impedance of our transmission line is 50Ω which is matched by 

50Ω loads, so the reflected power is zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Directional Coupler Schematics 

Figure 1: Directional Coupler Block Diagram 
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The directional coupler comprises of a pair of toroid transformers. T1 is a current 

source transformer and T2 is a voltage source transformer. (Fig. 2) Since we use a 

-30 dB coupling factor, the value of N should be 32 turns. (32^2=1024) To better 

understand how this circuit works, let us separately the forward and reflected wave. 

 

 

 

 

This is the directional coupler with forward power. (Fig. 3) With superposition, we 

can regard this circuit to two circuits above. (Fig. 4) Z is the characteristic 

impedance of the transmission line.  

𝐼𝑡 =
𝐼𝑓

𝑁
=

𝑉𝑓

𝑁×𝑍
                                                                                                                                                          

(1.1) 

Set the value of R1 and R2 to 50Ω. In the current source transformer, we will have: 

𝐼1,𝐼 = −
𝐼𝑓

2𝑁
= −

𝑉𝑓

2𝑁×𝑍
                                                                                                                                            

Figure 3: Current Source Circuit 

Figure 4: Circuit of Current and Voltage Source Transformer 
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(1.2) 

𝐼2,𝐼 = −
𝐼𝑓

2𝑁
= −

𝑉𝑓

2𝑁×𝑍
                                                                                                                                            

(1.3) 

Current changes to voltage, it gives: 

𝑉1,𝐼 = −
𝑉𝑓

2𝑁
                                                                                                                                                              

(1.4) 

𝑉2,𝐼 = −
𝑉𝑓

2𝑁
                                                                                                                                                              

(1.5) 

In the voltage source transformer, we will have: 

𝑉1,𝑉 = −
𝑉𝑓

2𝑁
                                                                                                                                                             

(1.6) 

𝑉2,𝑉 =
𝑉𝑓

2𝑁
                                                                                                                                                                 

(1.7) 

Then we can calculate for 𝑉1 and𝑉2: 

𝑉1 = 𝑉1,𝑉 + 𝑉1,𝐼 = −
𝑉𝑓

𝑁

𝑉2 = 𝑉2,𝑉 + 𝑉2,𝐼 = 0
                                                                                                                                        

(1.8) 

 

 

This is the directional coupler with forward power. (Fig. 5) We can find that only the 

current flow changes direction and voltage remains the same sign. So there is no 

changes for voltage source transformer. But current flows in the opposite direction. 

Figure 5: Circuit Diagram of the Directional Coupler with 

Reflected Power 
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(Fig. 6) 

                 

For 𝑉1 and𝑉2, we will have: 

𝑉1 = 𝑉1,𝑉 + 𝑉1,𝐼 = 0

𝑉2 = 𝑉2,𝑉 + 𝑉2,𝐼 = −
𝑉𝑟

𝑁

                                                                                                                                        

(1.9) 

 

If we combine the forward power and reflected power. It gives: 

{
𝑉1 =  −

𝑉𝑓

𝑁

𝑉2 =
𝑉𝑟

𝑁

                                                                                                                                                            

(1.10) 

 

So we find out 𝑉1 can be stand for forward power and 𝑉2 can be stand for reflected 

power. If the value of the load is 50Ω, there will be no reflected power. That means: 

{
𝑉1 =  −

𝑉𝑓

𝑁

𝑉2 = 0
                                                                                                                                                            

(1.11) 

 

 

  

Figure 6: Circuit of current And Voltage Source Transformer 
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3.3 Toroid Transformer 

To build transformer, the first thing is to choose the correct iron core. Since the 

transmission line will be our primary wind. For our secondary wind, the inductive 

reactance should be greater than 150Ω to avoid excessive insertion loss. 𝑋 ≫ 𝑍0 We 

set 𝑋 = 150Ω = 𝜔𝐿.Due to 𝑁 = 100√
𝐿

𝐴𝐿
 , we can calculate the range is 

𝐴𝐿 = 117.118 µ
ℎ

100
𝑡𝑜 39.062 µℎ/100. According to the table below, T-44-6, T-50-

6, T-68-6, T-80-6, T-94-6 and T-106-6 can be our options. 

 

 

 

In order to avoid burning our iron coils, we need to calculate the maximum flux 

density by using the equation: 𝐵𝑚𝑎𝑥 = 
𝑉𝑟𝑚𝑠

4.44𝑓𝑁𝐴𝑒
. T-94-6 can be our appropriate choice 

with 𝐵𝑚𝑎𝑥 = 29.6 Gauss < 42 Gauss in 14MHz. 

 

 

 

Since we have the toroid T-80-6 with I.D. 0.495 inches and the transmission line with 

O.D. 0.405 inches. (0.495-0.405)/2=0.045 inches. We choose 26 AWG for our copper 

wire gauge. 

 

  

Table 3: Amidon Iron Power Toroidal Cores 

Table 4: Maximum Flux Density Table 
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3.4 Directional Coupler Building 

According to the outer diameter of toroid we select 4×4×2 inches aluminum 

enclosure. After decided the size of enclosure, we measure that the length of 

transmission line which connects the BNC connector is 7cm and connect the N-type 

connector is 9.3cm. In order to improve the coupler directivity, we need to use the 

PC board. The length and width are 9.9cm and 4.6cm. 

 

 

In our enclosure, we will 

have two N-type connectors 

from generator to 50Ω load 

and two BNC connectors to 

Forward and Reflected. (Fig. 

7) In the block 1, it is on our 

PC board across the 

enclosure. The center 

conductor of the coaxial 

cable is soldered on the 

center pin of the connectors.  

 

The coaxial-cable shield is 

connected only at one end 

and the other end is 

open. For our 

registers R1 and R2, 

(block 2&3) we use 4 paralleled 200Ω registers at each side. 

 

Those are our single transformer and directional coupler. 

 

 

  

Figure 7: Schematic for directional coupler 

Figure 8: Single transformer (left) and Directional Coupler (right) 
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3.5 Directional Coupler Test 

i) Single Transformer Test 

According to our design, the ratio of input voltage by forward voltage should be 32. 

We need to test the single transformer to check.  

 

We test single transformer in school’s signal generator. We used 50Ω loads when we 

set up the function generator. Since the function generator twice the programmed 

voltage at 50Ω loads, which mean that the value of “V” equals the twice of the voltage 

in measured. In this case 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒 =  𝑉𝑑𝑖𝑠𝑝𝑙𝑎𝑦 

 

In Figure 10, the input port connects to the signal generator. The output port 

connects to the 50Ω load.  Then we use of oscilloscope to connect forward port.  

 

 

 

 

 

 

 

 

 

 

 

 

The reason why should connect 50Ω loads is because the impedance of the 

transmission line is 50Ω, we set the signal generator is also 50Ω load. We use a 

50Ω load to connect the output port to match the whole system. That’s also the 

reason why there would have no reflected power ideally.  

 

If we use the power supply to test a single transformer. We connect an input port 

on the power supply. Other connection is as same as the Figure 2.  

 

Figure 9: Signal Generator Function 

Figure 10: Single Transformer Test Approach 
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ii) Single Transformer Result 

- School Test 

The first result we test in school. Since the limit frequency in the signal generator is 

25MHZ, we only test the frequency in 13.5MHz. We increase the input voltage from 

1V to 10 V. Then we evaluate the realistic input voltage. We also measure the forward 

voltage. Both values we measured using the same oscilloscope. Then we calculate 

the Ratio =
𝑉𝑖𝑛

𝑉𝑓𝑜𝑟𝑤𝑎𝑟𝑑
.  The result analysis is in Figure 11.  

 

According to analysis, the average ratio is 32.568624, median is 32.6128. Both values 

are close to the 32. All the 10 point is close to the diagonal line, which means normal 

distribution condition maybe met.  

 

Due to the equipment limit, we cannot measure the ratio when the frequency of 

40MHz. In order to test our directional coupler, we went to PowerFilm Inc. Using the 

power supplies to test our single transformer.  

 

 

 

- Test In PowerFilm 

 13.5 MHz single transformer test 

In this test, we went to PowerFilm Inc, using power supply to test our single 

Figure 11: Single Transformer Test Result 
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transformer. The power range we used is from 20W to 90W by 10W.  We utilize the 

oscilloscope to measure the forward voltage.  Since the forward voltage we 

measured is the peak to peak. We need to transfer it to forward power by 50Ω resistor. 

𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = (

𝑉𝑝−𝑝

2

√2
)2/50. Then we calculate the ratio = 

𝑃𝑖𝑛

𝑃𝑓
. Finally we need calculate 

the coupling factor.  Coupling factor = 10*log10 𝑟𝑎𝑡𝑖𝑜.  

 

In Figure 12, the average coupling factor is 29.987915. Median is 30.0025. Both 

value very close to our ideally coupling factor 30dB. According to the histogram, it’s 

bimodal. For box-plot, the spread of distribution is skewed left. For the normal 

quantile plot, the point is close to the diagonal line. It can be seen from a normal 

distribution.  

In Figure 13, we can see, as the input power increase, the coupling factor remain a 

line. The relationship between the input power and the coupling factor is:    

Coupling Factor(dB)=29.908048+0.001563*Input Power(W). According to this 

equation, when the input power is 0w, the coupling factor would be 29.908048. As 

the input power increase 100W, the coupling factor increases 0.15, on average. Due 

to the client request, we need to test the main input power is from 100w to 250w. 

Then we can calculate the coupling factor range from 100w to 250w is between 

30.064dB and 30.2988. The error from this input power range is from 0.2% to 0.99%.  

 

 

Figure 12: 13.5MHz Single Transformer Result 
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 40MHz single transformer test. 

We use the same method to test single transformer when frequency is 40MHz.  The 

result in Figure 14. 

 

 

Figure 13: 13.5MHz Single Transformer Plot 

Figure 14: 40MHz Single Transformer Result 
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The average of the coupling factor is 28.525595, the median is 28.5492. For the 

histogram, is unimodal and little bit skewed left. However, due to the x-axis range, 

we can assume it’s a symmetric distribution. For the Normal Quantile plot, the point 

is close to the diagonal line. The normal distribution maybe met.  

We also increase the input power from 20w to 90w by 10w. The relationship between 

the input power and the coupling factor is: 

 

 

 

According to the Figure 15,  we can find the relationship between coupling factor 

and input power in 40MHz is: 

Coupling Factor(dB)= 28.376336+0.0029089*Input power(W). Analyzing this 

equation, we know that when the input power equal 0w, the coupling factor would be 

28.376336dB. As the input power increase 100W, the coupling factor increases 

0.29089, on average. Due to the client request, the main input power is between 100w 

and 250w. We can obtain the coupling factor in this range is from 28.6672 to 29.1036.  

 

 

iii) Directional coupler test 

The method we tests directional coupler as same as we test a single transformer. 

The only difference is we connect reflected port to oscillscope to measure the 

reflected power. The schematic diagram is in Figure 16. 

Figure 15: 40MHz Single Transformer Plot 
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 13.5 MHz directional coupler test 

We use our school signal generator to test directional coupler in 13.5MHz. The 

result is in Figure 17. 

 

 

   

Then   

we went to PowerFilm.Inc to test. The result is in Figure 18. 

 

Figure 16: Directional Coupler test method 

Figure 17: Excel Data for 13.5MHz Directional Coupler at School 

Figure 18: Excel Data for 13.5MHz Directional Coupler at PowerFilm Inc. 
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In Figure 19, we can see that it is the unimodal and the mean of the coupling factor 

is 29.893339, the median of coupling factor is 29.8917. The error in the mean of 

the coupling factor to ideal coupling factor is0.35%. We can say we design in 

coupling factor is almost correct.  

 

After we calculate the mean and average of the coupling factor. We need to know 

the relationship between the input power and coupling factor.  

 

 

Figure 19: Data Analysis 

Figure 20: Data Analysis 
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In Figure 20, we can use fit line to get a equation about input power and coupling 

factor.  

Coupling Factor = 29.717109+0.0019373*Input Power. It does mean that, as input 

power increase 100 watts, the coupling factor increase 0.19373dBm, on average. 

According to our client’s requirement, the principle measure power range is from 

100w to 250w. We can say, coupling factor would not have any significant change in 

this range.  

 

 40 MHz coupling factor test 

We did the test in PowerFilm Inc. The result is in Figure 21. 

 

In Figure 22, the distribution is biomodel for coupling factor. According to the data 

analyze, the mean of coupling factor is 29.143698, the error is 2.85%. The median 

is 29.17.  

 

After we calculate the mean and average of the coupling factor. We need to know 

the relationship between the input power and coupling factor.  

Figure 21: Excel Data for 40MHz Directional Coupler in PoweFilm Inc. 

Figure 22: Data Analysis 
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In Figure 23, the equation is Coupling Factor = 29.054654+0.0016636*Input Power. 

It means that, as input power increases 1000 watts, the coupling factor increases 

1.6636dBm, on average. According to our client’s requirement, the principle measure 

power range is from 100w to 250w. In this power range, the coupling factor is from 

29.221 to 29.4706. The error comes from 2.597% to1.76%. 

Depending to the data, the reflected voltage is not exactly 0. There are for two reasons 

make this phenomenon. According to our design circuit, we set up the R1 and R2 

equal 0. However, in our real products, we used four of 200 Ω resistor parallels to get 

a 50Ω resistor. The valid value for this is 50.1 and 50.04. In this case, the reflected 

voltage cannot be cancelled clear. That’s lead to reflecting voltage not 0. The second 

reason is, during our working process, it exists some tiny error like soldering, etc. 

That’s also generate reflected voltage.  

 

  

Figure 23: Data Analysis 
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3.6 Directivity & Isolation 

As with any component, there are several specifications associated with RF 

directional couplers. After we test coupling factor, we still need to test directivity and 

isolation.  

Directivity means power level difference between the forward port and reflected port. 

This is a measure of how independent the coupled and isolated ports are. Because our 

directional coupler cannot build perfect, there will always be some amount of 

unintended coupling between all the signal paths. The equation is: 

Directivity= 10*log10
𝑃𝑓

𝑃𝑟
. Ideally this is infinite, because reflected power should close 

to 0W, that means the higher directivity, the better. 

Isolation means power level difference between input port and reflected port. It also 

related to directivity. The equation is: 

Isolation=10*log10
𝑃𝑖𝑛

𝑃𝑟
.  Ideally, reflected power should be close to 0w, so the higher 

the isolation, the better.  

 

- Directivity result 

In Figure 24. We can see the mean of directivity is 8.8437115 and median of 

directivity is 8.85121. This is a unimodal and little bit skewed left. However, we 

still can say that the distribution for directivity is normally. 

      

 

 

 

 

 

 

 

Figure 24: Directivity Data Analysis 
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- Isolation test result 

 

 

 

According to Figure 25, the mean of isolation is 38.73705 and the median of 

isolation is 38.7169. This is a unimodel and little bit skewed left. But is still a normal 

distribution.  

 

- The relation of isolation, coupling factor, and directivity 

Note that isolation, directivity and coupling factor are not independent values. The 

relationship for this three values is: 

 

Isolation (dB) =Coupling Factor (dB) +Directivity (dB) 

We use JMP-fit model to find the relationship for this three values. The analysis of 

result is in Figure 26.  

 

According to this data analysis, we can write the relationship for this 3 variables.  

Predict Isolation = -1.649*10−7+1*Coupling factor+1*Directivity. 

In this equation, we can find that in our directional coupler, isolation is almost 

equally the sum of coupling factor and directivity. This result is reasonable.  

 

Figure 25: Isolation Data Analysis 
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Figure 26 
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3.7 Diode Detection 

 

Diode detector is the circuit that converts the high frequency AC voltage to DC. We 

chose diode peak detector over thermocouple and thermistor as our sensor is because 

of its fast transient response. Client’s input source is the pulsed RF signals in addition 

to continuous wave signals, so the faster response sensor is needed to achieve better 

amplitude tracking. Schottky diode results in fast switching and low forward voltage 

drop.  HSMS-282K is a good choice among all schottky diodes. It has very small inner 

capacitance, so the time constant is relatively small (fast transient response). 

 

According to diode I-V characteristic curve, two operation regions can act as a rectifier, 

square-law region and linear region. In the square-law region, the input power is 

proportional to the square of the peak output voltage. It has good sensitivity in detecting 

voltage, but the dynamic range is limited. Our project requires wide power range, so in 

this case, the linear region detector is a better option. Within the linear region, the input 

power is proportional to the peak output voltage (Pin = 
VOUTpeak

2

2∗Rsource
). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: HSMS-282K Diode Model 
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- Rectifier (see Figure 28.1): 

Rectifier is the key of the detector. It has the ability to convert AC voltage to 

DC. Our diode will convert the AC voltage to its peak value known as envelope 

detection. 

 

- Smoothing Capacitor(see Figure 28.2): 

Smoothing circuit is to use a capacitor to reduce the ripple of rectified DC 

voltage. The principle of smoothing is based on the charging and discharging 

of capacitor. As voltage increases, the capacitor charges, and as the output 

starts to fall, it will release its stored charge. So for a large value of capacitance 

will result better DC output since the capacitor will take more time in 

discharging, and will charge up for little voltage drop. 

 

- Temperature Compensation (see Figure 28.3): 

According to the junction resistor equation Rj = 
n

kT

q

Ibias+I_saturation
, the resistance 

depends on the temperature T which makes it as a variable resistor. This is a 

huge value under zero biasing due to the small saturation current. So adding a 

load diode which is identical to the rectifier will prevent the voltage drop in 

the middle of the line. 

 

 

 

 

Figure 28: Diode Detector Schematics 

 

 

28.1 

 

28.2 
 

28.3 
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The simulation out of the diode detection: 

- All simulations are using frequency of 13.5MHz. 

- The first type of the simulation is Harmonic Balance (HB) simulation. This 

simulation directly shows and calculates the steady state response immediately. 

From HB simulation, we can sweep the power range in order to compare the ideal 

voltage output and the simulated voltage output.  

 

 HB simulation of power range from 0.05 to 1 Watts (or 17dBm to 30dBm) (this 

is the power range after the directional coupler) 

 

 

 

 

 

Figure 29 is the simulation of ideal and simulated output plus the error within the 

power range. The error is in between -0.5% to 0.6%. However, the error tends to 

increase when input voltage becomes very small (approximately less than 0.01W 

after directional coupler). This is due to the missing of the bias voltage/current in 

our design, which we failed to design it. The power range our client focused on is 

100 to 250W (before the directional coupler), and within this range, error due to 

bias voltage/current is neglected. 

 

Figure 29: Diode Detector HB Simulation 
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 Transient simulation of pure sinusoidal input with amplitude of 4 Volts.  

 

The transient simulation of pure sine wave shows a good peak tracking performance, 

yet there are still exist some AC ripples needed to be removed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: Diode Detector Transient Simulation with Pure Sine Input Wave 
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  Transient simulation of pulse modulated sine wave, with sine wave amplitude 

of 4 Volts, and pulse signal with 30 kHz frequency of 50% duty cycle (Client’s 

pulse frequency is from 1 kHz to 30 kHz, so we used worst case scenario to 

ensure bandwidth is sufficient). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transient simulation shows the diode detector tracks the amplitude of the AC 

input. However, there still exists some ripple signals that needs low-pass filter to 

filter them out. As for modulated signal input simulation, the falling time is a little 

long, so it might produce some errors. This is because the smoothing capacitor is 

large, so it takes longer time to discharge. 

 

Figure 31: Diode Detector Transient Simulation with 

Pulse Modulated Sine Input Wave 

 

Figure 32: Zoom In 
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3.8 Low-Pass Filter 

 

The role of low-pass filter is to remove the high frequency signal in order to get DC 

signals with less ripple. Any signals with frequency higher than cutoff frequency 

will be attenuated in a certain amount per decade. The operational amplifier is a 

good active low-pass filter. 

 

 

 

 

Figure 33 shows a low-pass filter with two amplifiers in series. The op-amps used 

in this schematics are both LMC6492, because it has ultra-low input current 

(200pA). This bias current is in pico level and such small value of current won’t 

affect significantly to the diode detector. 

 

In our design, when input voltage is a pulse modulation of a sine wave, the low-

pass filter will take the average of the pulse because of 50% duty cycle. Then we 

are allowed to figure out the average power level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Low-Pass Filter Schematics 
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The simulation out of the low-pass filer: 

 AC simulation. The input peak voltage is set to be 1, and 0 in phase. So the 

output value is exactly the gain value. The calculated cutoff frequency based on 

the equation f = 
1

2𝜋𝑅𝐶
 equals to 136 Hz. 

 

 

The plot shows the cutoff frequency is about 134.7 Hz, and when frequency is 

over 2 kHz, the attenuation will be over 60 dBm. 

 

 

 Transient simulation. The input voltage is a 50% duty cycle pulse signal with 4 

V peak voltage, and frequency of 30 kHz. The ideal output voltage should be 

the half of the peak voltage which is 2V. The simulation shows after the steady 

state, the error out of low-pass filter is very small. 

 

 

  

Figure 34: Low-pass Filter AC Simulation 

 

Figure 35: Low-pass Filter Transient Simulation 
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3.9 Scaling Amplifier 

 

As client request, the output voltage has to be within 0-5V. The traditional way is 

to distribute this voltage across the whole power range. However in this way, the 

error will be very large because of the wide dynamic range. The scaling amplifier 

uses different gains in different ranges but result 0-5V output voltage in each 

range. Using this approach, the output voltage will be more accurate. 

 

 

 

Figure 36 is the schematics of scaling amplifier. This is a non-inverting amplifier 

configuration to generate a positive gain. The gain is Av = (1+
𝑅3

𝑅7
).  

There’re two 
1

√10
 voltage dividers before and after the scaling amplifier. The main 

reason to add these voltage dividers is to guarantee the gain of amplifier is greater 

than 1 for each scaling amplifier range. The worst case is when the input voltage is 

minimum (gain is maximum), then voltage divider’s value needs to be tuned until 

reaching the scaling amplifier’s gain over unity. At the end of the scaling amplifier, 

we add another identical voltage divider, which makes the total gain of the whole 

scaling amplifier is Av = (1+
𝑅3

𝑅7
) *

1

10
. After going through the voltage square circuit 

(discuss in next step), we will have the output voltage which is under 5V. Using this 

approach, the error can be minimized due to multiple ranges. 

 

 

 

 

Figure 36: Schematics of Scaling Amplifier 
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The range and gain selection: 

(Starting power is 15W) 

 

 

 

 

 

However, after calculating the errors among all scaling ranges, the lowest power 

range shows a massive error. The reason of this issue is because of the offset 

voltage from the amplifier. This value is cannot be ignored regarding to small input 

voltage. So a voltage cancellation source is in addition to the input.  

 

The same reason we as diode bias voltage, we failed to complete the offset 

cancellation design, so we chose the starting power level from 15W instead of 1W. 

 

 

 

 

 

 

 

 

 

 

 

Table 5: Scales When Input Is Pulse Modulated Since Wave 

Table 6: Scales When Input Is Pure Since Wave 
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The simulation out of the scaling amplifier: 

 

 DC Simulation 

 

 

 

This simulation is the power level from 20W to 50W (before the directional coupler), 

and this is the lowest power range, which is the worst case (largest gain). However the 

error is only from -0.4% to 0.3%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 37: DC simulation Out of Scaling Amplifier 
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3.10 Voltage Multiplier 

 

According to the equation P = 
𝑉𝑝𝑒𝑎𝑘2

2∗50
 = 

𝑉𝑝𝑒𝑎𝑘2

100
, plus we’ve obtained the expression 

of 
Vpeak

100
*gain, the next step is to square this expression which will be laying in 0 to 

5 V range. AD633 is a simple 4-quadrant multiplication device, and if we take the 

product of two identical input, the output will be the squared number. 

 

 

 

 

 

 

 

 

The transfer function provided from data sheet is W = 
(X1−X2)(Y1−Y2)

10
+Z 

Set X2, Y2, and Z to be zero (grounded), the transfer function became W = 

(X1*X2)/10. Hence, an additional amplifier is used to eliminate the factor of 1/10. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Schematics of Analog Multiplier 
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The simulation out of the multiplier: 

 DC Simulation. 

 

 

 

The simulation above shows when Vin is greater than 1.562 V, the error is less than 

1%. In such case, the voltage output from multiplier should be greater than 1.5622 

= 2.44 V. So the ratio of 
𝑉𝑜𝑢𝑡

5
 should be greater than 0.488. This number reminds 

us that the ratio between lower and upper scales in scaling amplifier should be 

greater than 0.488. 

 

 

 

 

 

 

 

 

 

  

Figure 39: Multiplier DC Simulation 
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3.11 Voltage Regulator 

 

The voltage regulator is to maintain positive and negative 10 Volts DC voltage for 

power supply. 

 

 

 

 

 

The voltage out of wall wart is a 24 V 60 Hz AC signal, and D1, D2 will convert 

the AC signal into DC, and smoothed by C1, C2. LM317 is a positive adjustable 

voltage regulator, and LM337 is a negative adjustable voltage regulator. The output 

voltage depends mainly on the ratio of
𝑅1

𝑅2
, and

𝑅4

𝑅3
. In our design, Vdd is going to be 

+10 V, and Vss is going to be -10 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Schematics of Voltage Regulators 
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The simulation out of the regulator: 

 

 Transient Simulation 

 

 

Although the simulation shows about 1% to 2% error, the power supply to amplifier or 

multiplier actually doesn’t require too much accuracy. So this is a tolerable range of 

error. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 41: Regulator Transient Simulation 
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3.12 Overall Simulation 

 

At last, we integrated all circuits together and run several simulations. 

 

 Harmonic Balance Simulation for Power range of 100W to 250W (before the 

directional coupler) 

 

 

 

 

 

Simulation above shows the total power reading error is from -0.05% to 0.35% 

when input power is from 0.1W to 0.25W (after directional coupler). Ideally this is 

a good result. 

 

 

 

 

 

 

 

 

 

 

Figure 42: Overall Harmonic Balance Simulation 
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 Transient Simulation 

 

 

 

This is an example of pulse modulated sine input signal with 150W (before the 

directional coupler) average power. The input peak voltage should be √
150

1000
∗ 100 

= 3.873V. 

 

The ideal output voltage should be, according to table provided by scaling amplifier, 

150/200*5 = 3.75 V. 

 

 

 

  

Figure 43: Transient Simulation 
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3.13 PCB Design 

 

 

 

 

 

This is Eagle CAD layout that we designed.  

This a two layers board with dimension of 100*80 mm2. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 44: Eagle PCB Design 
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3.14 Detection Device Test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We used the function generator in school’s lab to generate the pure sinusoid wave. 

However the maximum voltage provided by generator is 10 Volts peak to peak, 

which means the maximum input power is 
52

100
= 0.25 Watts. Fortunately, this is 

the maximum power level that client needs to measure. In addition, the maximum 

frequency from the school’s generator is 20 MHz, thus we only tested the 

sinusoid wave with 13.5 MHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: The PCB Board after Assembly 
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Diode Test: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46 shows the data collection and data plot for test of diode circuit. The 

relation between input power (Pin in Watts) and input peak voltage (Vin in Volts) 

is Pin =  
𝑉𝑖𝑛2

50∗2
. Since the output is not a pure DC voltage, so we chose to use the 

average output voltage. The plot, indeed, reveals a good linearity with almost 

zero y-axis intersection.  

 

 

 

 

 

Figure 46: Raw Data and Data Plot for Diode 

Input power (W) Input peak voltage (V) Average diode output voltage (V)
0.03 1.732 0.751
0.035 1.871 0.809
0.04 2 0.865
0.045 2.121 0.918
0.05 2.236 0.967
0.055 2.345 1.014
0.06 2.449 1.059
0.07 2.646 1.142
0.08 2.828 1.221
0.09 3 1.296
0.1 3.162 1.365
0.12 3.464 1.494
0.14 3.741 1.613
0.15 3.873 1.667
0.16 4 1.722
0.18 4.242 1.824
0.2 4.472 1.921
0.21 4.582 1.969
0.22 4.69 2.015
0.23 4.796 2.059
0.24 4.899 2.102
0.25 5 2.145
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Low-Pass Filter Test: 

 AC test: 

The input to the low-pass filter (LPF) is a 2V peak to peak sinusoid wave. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Frequency (Hz) Peak to peak output voltage (V) Gain (dB)
1 1.93 -0.311
5 1.934 -0.291
15 1.955 -0.198
25 1.995 -0.023
30 2.023 0.101
35 2.054 0.233
40 2.089 0.378
50 2.166 0.694
60 2.246 1.008
70 2.309 1.249

78.56 2.329 1.322
85 2.312 1.26
95 2.217 0.896
105 2.046 0.197
110 1.94 -0.264
115 1.834 -0.752
120 1.712 -1.348
136 1.398 -3.108
150 1.11 -5.111
170 0.839 -7.541
180 0.736 -8.681
200 0.577 -10.803
250 0.342 -15.347
300 0.221 -19.132
350 0.152 -22.358
400 0.109 -25.258
500 0.061 -30.334
600 0.037 -34.746
700 0.023 -38.661
800 0.016 -42.151
1000 0.008 -47.988
1500 0.003 -57.051
1800 0.002 -60.011
2000 0.002 -60.838

Figure 47: Raw Data and Data Plot for LPF AC Test 
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From the bode plot above, it indicates that the cutoff frequency is about 136 Hz, and 

when frequency is over 1.8 kHz, the attenuation reaches 60 dB.  

 

 

 DC Test: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The DC test for LPF shows this is a unity gain low-pass filter, since the tendency line 

is basically identical to the diode output tendency line (slope and y-intersection). 

Vin (V) Vout_diode (V) Vout_LPF (V)
1.224 0.533 0.533
1.732 0.751 0.748
1.871 0.809 0.809

2 0.865 0.864
2.121 0.918 0.917
2.236 0.967 0.966
2.345 1.014 1.012
2.449 1.059 1.057
2.646 1.142 1.141
2.828 1.221 1.219

3 1.296 1.294
3.162 1.365 1.363
3.464 1.494 1.492
3.741 1.613 1.61
3.873 1.667 1.666

4 1.722 1.72
4.242 1.824 1.822
4.472 1.921 1.918
4.582 1.969 1.966
4.69 2.015 2.012
4.796 2.059 2.056
4.899 2.102 2.099

5 2.145 2.141

Figure 48: Raw Data and Data Plot for LPF DC Test 
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Test of Overall Detection Device: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input power (W) Output Measured Power (W) Output Ideal Power (W)

0.03 29.6 30

0.035 34.8 35

0.04 40 40

0.045 45.2 45

0.05 50.5 50

0.055 53.6 55

0.06 58.8 60

0.07 69 70

0.08 79.6 80

0.09 90 90

0.1 100.4 100

0.12 118.4 120

0.14 138.8 140

0.15 149.2 150

0.16 159.6 160

0.18 180.4 180

0.2 200.8 200

0.21 204.4 210

0.22 214.2 220

0.23 224 230

0.24 233.8 240

0.25 243.6 250

Figure 49: Raw Data and Data Plot for Overall Detection Device Test 
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Figure 49 shows the relation between measured output power and the input power. 

Measured output power is calculated by equation 
𝑉𝑜𝑢𝑡

5
∗ 𝑃𝑢𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ,  where Pupper 

boundary is the maximum power from the scaling amplifier when user decides to use one 

certain range. The equation derived from the plot for measured power output is Pout = 

975.84*Pin + 1.3761, and the ideal equation is Pout = 1000*Pin, where Pin is the 

power level after the directional coupler. The error between them is about -2% to 2%. 
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4 Test Combined Directional Coupler and Detection Device 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input Power (w) Output Numerical Power (W) Ideal Output Power (W)

15 14.93 15

20 20.15 20

24.9 25.2 24.9

30 30.35 30

35.1 35.75 35.1

40 40.8 40

45.1 46 45.1

49.9 51.1 49.9

55 54.6 55

60 59.68 60

65 64.72 65

70.9 70.6 70.9

75.1 74.88 75.1

80.1 79.8 80.1

85 85.2 85

90.2 90 90.2

Figure 50: Raw Data and Data Plot for Total Test 
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The final test was taken in Power Film Company. However the allowable test source is 

13.5 MHz pure sinusoid wave with maximum 100 W power. The directional coupler is 

connected to the transmission line using type N connector, and to use BNC to BNC 

connector to connect the directional coupler and the detection device. Then use the 

same connector to connect the detection device with the multi-meter. 

 

Figure 50 contains the raw data, and the plot of input and output power relation, as well 

as the error coming out of the whole system. The tendency line shows a good linearity 

between input and output power, yet there’s a small discontinuity when power level is 

near to 50 W, which is exactly the boundary of the scaling’s range. The error we get for 

power level from 15 W to 100 W is -3% to 0.2%. Within this range, the total error is 

acceptable. However, in theory, the maximum error often occurs at the lower level of 

power, and according to the trend of the error plot, the error for higher power level will 

be flat and stable at a small value. 
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5 Conclusion and Reference 

 

5.1 Conclusion 

 

In technical aspect, it is a challenging topic to develop a RF power measurement 

system. This project integrates the knowledge from circuit, semiconductor, and 

electromagnetic areas. We need to review and learn these concepts for each 

component. The high technical requirement gives us a chance to use the knowledge 

we have known to make a real product out of the book. 

 

In personal aspect, this project is a great opportunity to establish the personality 

such as leadership, cooperation, patience etc. Those qualities will follow us to the 

workplace in the future when we are all engineers. So it is important to 

communicate in an effective way as a team that will make us intelligent when we 

deal with more sophisticated projects. 

 

 

 

5.2 Reference 

[1] “Amidon IRON POWDER TOROIDAL CORES.” Amidon IRON POWDER 

TOROIDAL CORES. http://www.qrz.lt/ly1gp/amidon.html 

 

[2] “Toroid.”  Ness Engineering Technical Data Toroid Formulas. 

http://www.nessengr.com/techdata/toroid/toroid.html 

 

[3] “AC Flux Density Limits.” Power Considerations. 
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Appendix A: Simple Block Diagram of Detection 

 

Simple block diagram: 

 

- When input voltage is pure sine wave: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- When input voltage is pulse modulated sine wave: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Voltage out of 

diode Vin 

Voltage out of LPF 

VLPF = Vin 
Voltage out of scaling amplifier 

Vs = (
𝑉𝑖𝑛

10
) gain  (0 to √5 V) 

Vout = (
𝑉𝑖𝑛

10
 gain)^2  (0 to 5V) 

Voltage out of 

diode Vin 

Voltage out of LPF 

VLPF = 0.5*Vin 

Voltage out of scaling amplifier Vs 

= (
0.5∗𝑉𝑖𝑛

10
) gain  (0 to √5 V) 

Vout = (
0.5∗𝑉𝑖𝑛

10
 gain)^2  (0 to 5V) 
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Appendix B: Part List and Cost 

 

Part Description: Quantity Price/100Units ($) Total Price ($) 

Toroid 2 1.2 2.4 

Wire Gauge 50 feet 0.159 7.95 

Enclosure 1 8.71 8.71 

Transmission Line 1 feet 2 2 

Resistor 32 0.007 0.224 

Trimmer Resistor 4 1.64 6.56 

220pF capacitor 1 0.073 0.073 

4700pF capacitor 2 0.248 0.496 

0.1uF capacitor 8 0.082 0.656 

1uF capacitor 2 0.081 0.162 

100uH inductor 1 0.121 0.121 

HSMS-282K diode 1 0.417 0.417 

LMC6492 amplifier 2 1.42 2.84 

AD633 multiplier 1 4.95 4.95 

LM317 regulator 1 0.26 0.26 

LM337 regulator 1 0.786 0.786 

BNC connector 2 2.1 4.2 

Rotary switch 1 5.27 5.27 

AC to AC adapter 1 8.3 8.3 

Barrel connector 1 0.3162 0.3162 

1N4004 Diode 2 0.077 0.154 

Pin connector 1 0.09427 0.09427 

PCB board 1 30 30 

Total:   87 
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Appendix C: Operation Manual 

 Directional Coupler: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Detection Device: 
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(1) The input connector: directly connects with forward output from directional coupler 

using BNC cable. 

(2) Trimming resistor one: adjust the resistor in order to obtain a positive ten Volt output 

in terminal (4). 

(3) Trimming resistor two: adjust the resistor in order to obtain a negative 10 Volt 

output in terminal (5). 

(4) See (2) 

(5) See (3) 

(6) Rotatory Switch (see Scaling Amplifier Range table on page 33: for pure sine wave, 

A represents the scale of 15 Watt to 50 Watt, F represents the scale of 500 Watt to 

1000 Watt, B, C, D, and E represent scales in between. 

For pulse modulated sine wave, G represents the scale of 15 Watt to 50 Watt, and 

L represents the scale of 500 Watt to 1000 Watt. H, I, J, and K represent scale in 

between. 

(7) Trimming resistor three: adjust the resistor until the voltage in terminal (5) 

approaches the ideal output voltage within minimum error. One way to change this 

resistor is to use several known power inputs, and calculate out the ideal output 

voltages according to the equation provided below. Then adjust this trimming 

resistor until all measured outputs has 5% below error comparing to the ideal output 

voltage. 

(8) The output connector: connects with oscilloscope or multi-meter using BNC 

connector. 

(9) Barrel power connector: connects the purchased AC to AC adapter. 

 

 

The equation to derive output power from the output voltage: 

P_out = 
𝑉_𝑜𝑢𝑡

5
 * P_upper_sclae 

Where P_upper_scale is the maximum power in a certain scale range. For instance, a 

150 W power is in 100 W to 200 W range, so P_upper_scale = 200 W. 

 

 


