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Chapter 6: Low Pass Filter before Diode 

We need a low pass filter after the antenna and before the diode to block higher-order 

harmonics. In our case, for the low pass filter, we need it to block the first harmonic, 

since the natural operation of the diode blocks anything higher than 80 GHz. Therefore, 

only the 55 GHz frequency needs to be blocked.  The main parameter we need to check 

for our design is the insertion loss S21. A filter blocks certain frequencies when the 

insertion loss at those frequencies is below -3dB. Therefore, we need S21 to be close to 

0dB at 27.5GHz and below -3dB at 55GHz. Our design requirements were a low pass 

filter with cutoff frequency 𝑓𝑐 = 41.25𝐺𝐻𝑧 with insertion loss 𝑆21 = −15𝑑𝐵 at 55GHz. For 

the microwave filter before the diode, we are proposing a fourth order Butterworth filter 

with microstrip stubs. A Butterworth (also known as maximally flat) filter has a frequency 

response that it is monotonic in the passband. The higher the order that we use the 

sharper the filter cutoff will be. The drawback to this is the increased complexity of the 

design as well as increased losses due to the increased surface area of the metal. We 

simulated the Butterworth filter for both Circuit Designer (Figure 9) with dimensions on 

Table 3 and HFSS (Figure 10) with dimensions on Table 4. 

Figure 11 shows that Circuit Designer yielded insertion losses of  𝑆21 = −0.02dB 

and 𝑆21 = −7.21dB for 27.5GHz and 55GHz respectively. HFSS yielded consistent 

results, with 𝑆21 = −1.23dB and 𝑆21 = −5.98dB again for 27.5GHz and 55GHz 

respectively. Both the values on Circuit Designer and on HFSS are acceptable for a 

microwave low pass filter. 
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Figure 9: Schematic view of the fourth order Butterworth filter in circuit designer 

Table 3: Parameters of the circuit design for the filter dimensions 

 

  

 

Figure 10: Top view of the fourth order Butterworth filter in HFSS 
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Table 4: Parameters of HFSS design for the filter dimensions 

 

 

Figure 11: Comparison of circuit designer and HFSS results for the filter response 

(insertion loss) 

  

Length (mm) 0.51 4 1.05 0.53 0.22 0.97 1.14 1.23 0.65 0.7
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Figure 21: Comparison of insertion loss of perpendicular topology with gap=0.1mm and 

Circuit Designer Gap topology with gap 1mm 

 

Figure 22: Equivalent circuits from HFSS to circuit design according to insertion loss 

(perpendicular) 

The next step was to fabricate these designs and confirm that this perpendicular 

topology decreases the coupling. We fabricated the topologies with the use of milling 

machine, and then tested their response with the network analyzer (Figure 23). 
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Figure 23: On the left the fabricated in line topology and on the right the fabricated 

perpendicular one. Both of them they have a rectangular metal trace next to the second 

line for ground. 

 

Figure 24: Comparison of in line to perpendicular topology as concerns the insertion 

loss (S21) for the fabricated designs 
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The results from the network analyzer confirmed the simulations. As we can see in 

Figure 24, the in-line topology had S21 = −23dB while the perpendicular topology had 

𝑆21 = −34 𝑑𝐵. 

After confirming that the perpendicular topology decreases the coupling (Figure 24) we 

assumed that we could find an equivalent gap for having the same decreased coupled 

effects (Figure 25). Therefore, we used a gap  𝐺 = 1mm length since the S21 in inline 

topology with 1mm gap is almost the same for the perpendicular one with 𝐺 = 0.1mm 

length (Figure 21). 

 

Figure 25: Using the equivalent length of gap in the in-line topology to achieve the same 

insertion loss for a perpendicular topology with gap=0.1mm 

After this assumption, we simulated again a transient analysis, although this time we 

changed the gap from 0.1mm to 1mm (Figure 26). 
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As was observed on HFSS, a perpendicular alignment of the input and output microstrip 

lines with a gap of 𝐺𝑝 = 0.1mm  is equivalent to a gap between linearly-aligned input 

and output microstrip lines of 𝐺𝑙 = 1𝑚𝑚. In order to analyze the full circuit (with the 

diode), we now need to use Designer. Circuit Designer provides a model for the diode, 

but not one for the perpendicularly aligned input-output microstrip lines. In this case, 

then, we will simulate the circuit using in-line microstrip lines with the GAP element 

defining the coupling. For the separation between the gaps, we will use a “linear” 

distance equivalent to a perpendicular gap 𝐺𝑝 = 0.1𝑚𝑚. As stated in the previous 

section, this is a gap 𝐺𝑝 = 0.1mm. In both cases, the insertion loss is S11 = −34dB. 

 

Figure 26: Two microstrip lines with width=0.5mm, length=26.25mm each and gap 

between them 1mm. 

The results now show that the coupling has been minimized since there is no negative 

output signal (Figure 27). 
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Figure 27: Transient analysis with input 900mV and gap 1mm on circuit Designer 

Section 7.1: Circuit Analysis 

We then run a circuit analysis inserting ideal lumped components to the design (Figure 

28). Using the same dimensions for the microstrip lines, we added a resistor 𝑅𝐿 =

100 𝑜ℎ𝑚 as the internal resistor of the rechargeable battery. Moreover, a capacitor 

𝐶𝑠𝑚 = 10 𝑝𝐹 is added to smooth the output signal to a DC one. For the output DC 

voltage, we have 𝑉𝑜𝑢𝑡 = 90.53 𝑚𝑉 (Figure 29), while the current is  𝐼𝑜𝑢𝑡 = 0.9𝑚𝐴 (Figure 

30). 

 

 



38 
 

 

Figure 28: A rectifier circuit with microstrip lines and lumped ideal components 

 

 

Figure 29: Voltage for a resistor 100 ohm and Capacitance 10pF 
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Then we have the same analysis for the current as we can see on the figure (Figure 

30): 

 

Figure 30: Current for a resistor 100 ohm and Capacitance 10pF 

The voltage ripple for the circuit in Figure 24 is shown below: 

𝑉𝑟 =
𝑉𝑝

𝑓 ∗ 𝐶 ∗ 𝑅
=

247𝑚𝑉

27.5 𝐺𝐻𝑧 ∗ 10𝑝𝐹 ∗ 100 𝑂ℎ𝑚
= 8.9𝑚𝑉 

Moreover, for the rectifier we need to show the RF-DC conversion efficiency. 

𝑃𝐷𝐶 =
𝑉𝐷

2

𝑅𝐿
=

90.532

100
= 81.95𝜇𝑊 RF-DC conversion 

𝜂 =
𝑃𝑑𝑐

𝑃𝑖𝑛
=

81.95𝜇𝑊

1.492𝑚𝑊
= 5.4%  Efficiency  

 

 



40 
 

Chapter 8: Low Pass Filter after Diode 

From Richard’s transformation (Figure 31), we can see that one capacitor can be 

equivalent with one open stub following the equation below. 

 

Figure 31: Richard's transformation for capacitor 

𝑍0 =
1

𝐶 ∗ 𝜔𝑐
 

Where: 

𝑍0  𝑖𝑠 𝑡ℎ𝑒 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑝𝑒𝑛 𝑠𝑡𝑢𝑏 𝑖𝑛 𝑂ℎ𝑚 

𝐶 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑝𝐹𝑎𝑟𝑎𝑑 

𝜔𝑐  𝑖𝑠 𝑡ℎ𝑒 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 𝑑𝑒𝑠𝑖𝑔𝑛 𝑖𝑛 𝑟𝑎𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 

For our design, we need one open stub with length 
𝜆𝑐

8
=

𝑐

8∗𝑓∗√𝑒𝑟
= 0.65𝑚𝑚 

Therefore, we design an open stub with length 𝑃 = 0.65𝑚𝑚 and width 𝑊 = 1𝑚𝑚 

(Figure 32). 
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Figure 32: Proposed topology for distributed capacitor with one stub with 1mm width 

and 0.65mm length 

We ran a transient analysis and graphed the output voltage for two stub widths: 1mm 

and 5mm widths. The fluctuations in the output signal were averaged, providing a value 

of 85.14mV for the 1mm width capacitor (Figure 33) and 82.19mV for the 5mm width 

capacitor (Figure 34). Fluctuations around the first average (1mm) were 140mV and the 

second (5mm) are 85mV. This shows that increasing the width of the capacitor provides 

better peak detection. However, the stub width would have to be increased to unrealistic 

levels to minimize fluctuations to reasonable levels. Instead, we increase the number of 

stubs, connecting them with transmission lines with the same width as the main 

microstrip line and length equal to the length of the stub (Figure 35). 
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Figure 33: Voltage output for one stub with width 1mm, one Stub width 1mm yields 

fluctuation levels equal to 173% of smoothed value. 

 

Figure 34: Voltage output for one stub with width 5 mm, one stub width 5mm yields 

fluctuation levels equal to 102% of smoothed output voltage. 
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Figure 35: Proposed topology for distributed capacitor with four stubs with 1mm width 

and 0.65mm length 

The maximum value of the smoothed-filter signal is 71.10mV for 1mm width (Figure 36) 

and 80mV for 5mm width (Figure 37). The range for the first one is 155mV and the 

second is 20mV the range. This shows that for four open stubs with width of 5mm the 

output voltage tends to be more DC. 
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Figure 36: Voltage output for four stubs with width 1mm 

 

 

 

Figure 37: Voltage output for four stubs with width 5 mm 25% fluctuation 
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Chapter 9: Conclusion Future Work 

To summarize, we designed and fabricated a rectenna operating in 5G where we used 

perpendicular input and output microstrip lines to minimize coupling, thus minimizing 

the size of the rectenna circuit. We also investigated the challenges that the design of 

circuits have in mmwave frequencies. Future work should focus on further refining the 

design of the antenna to allow for more effective signal harvesting, as well as 

investigating the design using a “real” source as opposed to an ideal, 27.5 GHz source. 
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