
 

 
 

Microstrip Patch Array Printed on Cylinder 

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ŀǇǇƭƛŎŀǘƛƻƴ ƴƻǘŜ ƛǎ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ŜŦŦƛŎƛŜƴǘ 
ƳƻŘŜƭƛƴƎ ŀƴŘ ǎƛƳǳƭŀǘƛƻƴ ƻŦ ŀƴ ŀƴǘŜƴƴŀ ŀǊǊŀȅ ōȅ ǳǎƛƴƎ ²Lt[π5 
ǎƻŦǘǿŀǊŜ ό²Lt[π5 tǊƻΣ ²Lt[π5 aƛŎǊƻǿŀǾŜ ŀƴŘ ²Lt[π5 
hǇǘƛƳƛȊŜǊύΦ ¢ƘŜ ǊŜǎǳƭǘ ƻŦ ƛƴǘŜǊŜǎǘ ƛǎ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ƻŦ ǘƘŜ ŀǊǊŀȅΦ  

Modeling 

¢ƘŜ ŦƛǊǎǘ ǎǘŜǇ ƛǎ ƳƻŘŜƭƛƴƎ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƛƴ ²Lt[π5 tǊƻΦ ¢ƘŜǊŜ 
ŀǊŜ ŀ ŦŜǿ ǇǊƻŎŜŘǳǊŜǎ ŦƻǊ ƳƻŘŜƭƛƴƎ ƻŦ ǘƘƛǎ ǎǘǊǳŎǘǳǊŜΥ 

¶ by using WIPL-D tǊƻ о5 9a {ƻƭǾŜǊ (defining symbols, 
nodesΣ making plates, feeding areas) 

¶ by using WIPL-D tǊƻ о5 9a {ƻƭǾŜǊ (defining symbols, gridsΣ 
making plates, feeding areas) 

¶ by using WIPL-D Pro CAD όŘŜŦƛƴƛƴƎ ǎȅƳōƻƭǎΣ ǎƻƭƛŘ ƻōƧŜŎǘǎΣ 
.ƻƻƭŜŀƴ ƻǇŜǊŀǘƛƻƴǎΣ ŀǳǘƻƳŀǘƛŎ ƳŜǎƘύ 

¶ by using WIPL-D Pro CAD for importing ΦŘȄŦΣ .x_t, .stp, .sat, 
ΦƛƎŜǎΣ Χ 

¢ƘŜ ŦƛǊǎǘ ǇǊƻŎŜŘǳǊŜ ƛǎ ŜȄǇƭŀƛƴŜŘ ƛƴ ǘƘƛǎ ǇŀǇŜǊΦ ¦ǎƛƴƎ ǘƘƛǎ ŀǇǇǊƻŀŎƘ 
ŜƴŀōƭŜǎ ŀŎƘƛŜǾƛƴƎ ƻǇǘƛƳŀƭ ƳŜǎƘ ŀƴŘ ƳƛƴƛƳǳƳ ǎƛƳǳƭŀǘƛƻƴ ǘƛƳŜΦ 

¢ƘŜ ŦƛǊǎǘ ǎǘŜǇ ƛǎ ƳƻŘŜƭƛƴƎ ŀ ǎƛƴƎƭŜ ǇŀǘŎƘ ŀƴǘŜƴƴŀΦ !ŦǘŜǊ ǘƘŀǘΣ ǘƘŜ 
ŀǊǊŀȅ ǿƛƭƭ ōŜ ŎǊŜŀǘŜŘ ōȅ ŎƻǇȅƛƴƎ ǘƘŜ ŀƴǘŜƴƴŀ ŜƭŜƳŜƴǘΦ ! ǇŀǘŎƘ 
όŀƴǘŜƴƴŀ ŜƭŜƳŜƴǘύ ǿŀǎ ŦŜŘ ǳǎƛƴƎ ŀ ǇǊƻōŜΦ 

¦ǎƛƴƎ ǘƘŜ ŦƛǊǎǘ ǇǊƻŎŜŘǳǊŜ ƳŜŀƴǎ ǘƘŀǘ ǎȅƳōƻƭǎΣ ƴƻŘŜǎΣ ǇƭŀǘŜǎΣ 
ǿƛǊŜΣ ƧǳƴŎǘƛƻƴǎ ŀƴŘ ƎŜƴŜǊŀǘƻǊ ǎƘƻǳƭŘ ōŜ ŘŜŦƛƴŜŘΦ {ȅƳōƻƭǎ ǿƛƭƭ ōŜ 
ǳǎŜŘ ŦƻǊ ǊŜǇǊŜǎŜƴǘƛƴƎ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ǘƘŜ ƳƻŘŜƭΦ !ŎǘǳŀƭƭȅΣ ǘƘŜ 
ǎȅƳōƻƭǎ ŀǊŜ ǳǎŜŘ ŦƻǊ ŘŜŦƛƴƛƴƎ ƴƻŘŜǎΦ ¢Ƙŀǘ ǿŀȅΣ ōȅ ŎƘŀƴƎƛƴƎ 
ǎȅƳōƻƭǎΣ ǘƘŜ ƳƻŘŜƭ Ŏŀƴ ōŜ Ŝŀǎƛƭȅ ŎƘŀƴƎŜŘ ǇǊŜǎŜǊǾƛƴƎ ƻǊƛƎƛƴŀƭƭȅ 
ŘŜŦƛƴŜŘ ƳŜǎƘΦ ¢ŀōƭŜ ƻŦ ǎȅƳōƻƭǎ όŀ ǇŀǊǘ ƻŦ ƛǘύ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ мΦ 

 
Figure 1. Table of symbols (partially) 

¢ƘŜ ƳƻŘŜƭ ƻŦ ǘƘŜ ǎƛƴƎƭŜ ǇŀǘŎƘ ŀƴǘŜƴƴŀ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ нΦ Lƴ 
²Lt[π5 tǊƻΣ ŀ ƎŜƴŜǊŀǘƻǊ Ŏŀƴ ōŜ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ǿƛǊŜ ƻƴƭȅΦ ! ƴƻŘŜ 
ǿƘŜǊŜ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴǘŀŎǘ ōŜǘǿŜŜƴ ǿƛǊŜ ŀƴŘ ǇƭŀǘŜ ŀǇǇŜŀǊǎ ƛǎ 

ƳŀǊƪŜŘ ƛƴ ǘƘŜ CƛƎǳǊŜ нΦ ¢ƘŜ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴǘŀŎǘ ōŜǘǿŜŜƴ ǿƛǊŜ ŀƴŘ 
ǇƭŀǘŜ ƛǎ ƻōǘŀƛƴŜŘ ōȅ ǳǎƛƴƎ WǳƴŎǘƛƻƴ ς ŀ ǎǇŜŎƛŀƭ ²Lt[π5 tǊƻ ŜƴǘƛǘȅΦ 

Figure 2. Model of the single patch antenna 

!ŦǘŜǊ ƻǇǘƛƳƛȊƛƴƎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘƛǎ ŀƴǘŜƴƴŀΣ ƻǳǊ ŀƛƳ ƛǎ ǘƻ 
ŎǊŜŀǘŜ ŀƴ ŀƴǘŜƴƴŀ ŀǊǊŀȅΦ /ǊŜŀǘƛƴƎ ŀƴǘŜƴƴŀ ŀǊǊŀȅ ǿƛƭƭ ōŜ 
ǇŜǊŦƻǊƳŜŘ Ƴŀƛƴƭȅ ǘƘǊƻǳƎƘ ²Lt[π5 tǊƻ aŀƴƛǇǳƭŀǘƛƻƴǎΦ 

¢ŀōƭŜ ƻŦ aŀƴƛǇǳƭŀǘƛƻƴǎ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ оΦ aŀƴƛǇǳƭŀǘƛƻƴ 
DǊƻǳǇ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ оΦ Lƴ ǘƘƛǎ DǊƻǳǇ ǿŜ ŎǊŜŀǘŜŘ ŀ ƎǊƻǳǇ ƻŦ 
ŜƴǘƛǘƛŜǎ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ǇƭŀǘŜǎ ŀƴŘ ŀ ǿƛǊŜΦ 

 
Figure 3. Group manipulation 

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ǎǘŜǇ Ŏƻƴǎƛǎǘǎ ƻŦ ƳŀƪƛƴƎ ŎƻǇƛŜǎ ƻŦ ǘƘŜ ǇǊŜǾƛƻǳǎƭȅ 
ŎǊŜŀǘŜŘ ƎǊƻǳǇΦ ¢ƘǊŜŜ ŎƻǇƛŜǎ ǿŜǊŜ ŎǊŜŀǘŜŘΦ /ƻǇȅ ƳŀƴƛǇǳƭŀǘƛƻƴ ƛǎ 
ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ пΦ Lǘ Ŏŀƴ ōŜ ƴƻǘƛŎŜŘ ǘƘŀǘ ǎȅƳōƻƭ [ŀƴǘ ƛǎ ǳǎŜŘ 
ƛƴ ǘƘƛǎ /ƻǇȅ ƳŀƴƛǇǳƭŀǘƛƻƴΦ ¢ƘŜ ǎȅƳōƻƭ ǊŜǇǊŜǎŜƴǘǎ ƭŜƴƎǘƘ ƻŦ ǘƘŜ 
ŀƴǘŜƴƴŀ ŜƭŜƳŜƴǘΦ Lǘ ƛǎ Ŝǉǳŀƭ ǘƻ ƘŀƭŦ ƻŦ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ŎŀƭŎǳƭŀǘŜŘ 
ŀǘ мр DIȊΦ 



 

 
 

 
Figure 4. The first Copy manipulation 

¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ŦƻǳǊ ǇŀǘŎƘŜǎ ŀǊŜ ƳƻŘŜƭŜŘΣ ǎƻ ŦŀǊ όCƛƎǳǊŜ рύΦ 

 
Figure 5.Array consisting of 4 antenna elements 

Lƴ ƻǊŘŜǊ ǘƻ ŎǊŜŀǘŜ ǘƘŜ ŘŜǎƛǊŜŘ ŀǊǊŀȅΣ ƴŜȄǘ ƳƻŘŜƭƭƛƴƎ ǎǘŜǇ ǿƛƭƭ ōŜ 
Ǌƻǘŀǘƛƻƴ ƻŦ ǘƘƛǎ ƳƻŘŜƭ ŀǊƻǳƴŘ ȄπŀȄƛǎ ŀƴŘ ŀǊƻǳƴŘ ȊπŀȄƛǎ ŀƴŘ ƛǘǎ 
ǘǊŀƴǎƭŀǘƛƻƴ ŀƭƻƴƎ ȄπŀȄƛǎΦ ¢ƘŜǎŜ ŀǊǊŀȅ ƳŀƴƛǇǳƭŀǘƛƻƴǎ ǊŜǉǳƛǊŜ 
ŀǇǇǊƻǇǊƛŀǘŜ ƎǊƻǳǇƛƴƎ ƻŦ ŜƴǘƛǘƛŜǎ ŀƴŘ ǳǎƛƴƎ ŀ /ƻǇȅ ƳŀƴƛǇǳƭŀǘƛƻƴ 
ǿƛǘƘ ƴǳƳōŜǊ ƻŦ ŎƻǇƛŜǎ ǎŜǘ ǘƻ ȊŜǊƻ όCƛƎǳǊŜ сύΦ 

 
Figure 6. Copy manipulation ς positioning four elements 

antenna array 

¢ƘŜ ƴŜȄǘ ƳƻŘŜƭƭƛƴƎ ǎǘŜǇ ƛǎ ŎƻǇȅƛƴƎ όƳǳƭǘƛǇƭȅƛƴƎύ ŦƻǳǊ ŜƭŜƳŜƴǘǎ 
ŀǊǊŀȅ ǿƘƛŎƘ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ рΦ /ƻǇȅ ƳŀƴƛǇǳƭŀǘƛƻƴ ǳǎŜŘ ŦƻǊ 
ǘƘƛǎ ƳƻŘŜƭƭƛƴƎ ǎǘŜǇ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ тΣ ǿƘƛƭŜ ǘƘŜ Ŧƛƴŀƭ ƳƻŘŜƭ 
ƻŦ ŀƴǘŜƴƴŀ ŀǊǊŀȅ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ уΦ 

 
Figure 7. The second Copy manipulation 

 
Figure 8. Model of the array 

¢ƘŜ ƭŀǎǘ ǎǘŜǇ ƛǎ ŘŜŦƛƴƛƴƎ ƳŀƴƛǇǳƭŀǘƛƻƴ 9ŘƎŜΦ aŀƴƛǇǳƭŀǘƛƻƴ 9ŘƎŜ 
όƻŦǘŜƴ ŎŀƭƭŜŘ 9ŘƎƛƴƎύ ǊŜǇǊŜǎŜƴǘǎ ƛƴǾƻƭǾƛƴƎ ŀǳǘƻƳŀǘƛŎ ƳŜǎƘƛƴƎ 
ŀƭƻƴƎ ŜŘƎŜǎ ǿƘŜǊŜ ǘƘŜ ŜŘƎŜ ŜŦŦŜŎǘ ƛǎ ŀ ŎǊƛǘƛŎŀƭ ǇŀǊŀƳŜǘŜǊ ŦƻǊ ŀƴ 
ŀŎŎǳǊŀǘŜ ŀƴŀƭȅǎƛǎ ƻŦ ŀ ƳƻŘŜƭΦ ¦ǎƛƴƎ ƻŦ ǘƘŜ ŜŘƎŜ ƳŀƴƛǇǳƭŀǘƛƻƴ ƛǎ 
ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ фΦ 

 
Figure 9. Edge manipulation 

9ŦŦŜŎǘ ƻŦ ŀǇǇƭȅƛƴƎ 9ŘƎŜ ƳŀƴƛǇǳƭŀǘƛƻƴ ƻƴ ǘƘŜ ƳƻŘŜƭ ƻŦ ŀǊǊŀȅ ƛǎ 
ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ млΦ 



 

 
 

 
Figure 10. Effect of applying Edging. Additional meshing 

appears in the vicinity of edges. 

Simulation Results 

{ƛƴƎƭŜ ǇŀǘŎƘ ŀƴǘŜƴƴŀ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀƴ ŜƭŜƳŜƴǘ ƻŦ ǘƘŜ ŀǊǊŀȅ ǎƘƻǳƭŘ 
ōŜ ƻǇǘƛƳƛȊŜŘ ŦƛǊǎǘΦ .ȅ Ƴŀƴǳŀƭƭȅ ŎƘŀƴƎƛƴƎ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ǘƘŜ 
ŀƴǘŜƴƴŀΣ ǘƘƛǎ ƻǇǘƛƳƛȊŀǘƛƻƴ ƛǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ ŦŜǿ ǎǘŜǇǎΦ {мм 
ǇŀǊŀƳŜǘŜǊ ƛǎ ƻōǎŜǊǾŜŘ ŦǊƻƳ мл DIȊ ǘƻ нл DIȊ όCƛƎǳǊŜ ммύΦ Lǘ 
ǊŜŀŎƘŜǎ ƳƛƴƛƳǳƳ ŀǘ мр DIȊ όCƛƎǳǊŜ ммύΦ  

 
Figure 11. S11 parameters of single patch antenna  

 
Figure 12. Radiation pattern ς single antenna  

wŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ŀǘ мр DIȊ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ мнΦ 

hƴƭȅ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀƴǘŜƴƴŀ ŀǊǊŀȅ ƛǎ ŦŜŘΦ ¢ƘǳǎΣ ƛǘ ƛǎ ǊŜǉǳƛǊŜŘ ǘƻ 
ǎƛƳǳƭŀǘŜŘ ƻƴƭȅ ŀ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀǊǊŀȅΦ !ǎǎǳƳǇǘƛƻƴ ƛǎ ǘƘŀǘ ǘƘŜ ǊŜǎǘ 
ƻŦ ǘƘŜ ŀǊǊŀȅ ŘƻŜǎƴΩǘ ƛƴŦƭǳŜƴŎŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƻƴ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ǘƘŜ 
ǊŜǎǳƭǘǎΦ !ƭǎƻΣ ōȅ ŀǇǇƭȅƛƴƎ ǘƘƛǎ ŀǇǇǊƻŀŎƘΣ ǎƛƳǳƭŀǘƛƻƴ ǘƛƳŜ ƛǎ 
ŘŜŎǊŜŀǎŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅΦ aƻŘŜƭ ƻŦ ŀ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀǊǊŀȅ ƛǎ ǎƘƻǿƴ 
ƛƴ ǘƘŜ CƛƎǳǊŜ моΦ 

 
Figure 13. Quarter of the array 

¢ƘŜ ƳƻŘŜƭ ƻŦ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀǊǊŀȅ ƛǎ ƛƳǇƻǊǘŜŘ ƛƴǘƻ ²Lt[π5 
aƛŎǊƻǿŀǾŜΦ Lƴ ²Lt[π5 aƛŎǊƻǿŀǾŜΣ ƻōǘŀƛƴŜŘ ŎƛǊŎǳƛǘ ƛǎ ŦŜŘ ǳǎƛƴƎ 
ǾƻƭǘŀƎŜ ƎŜƴŜǊŀǘƻǊǎΦ ¢ƘŜ ŎƛǊŎǳƛǘ ƛƴ ²Lt[π5 aƛŎǊƻǿŀǾŜ ƛǎ ǎƘƻǿƴ ƛƴ 
ǘƘŜ CƛƎǳǊŜ мпΦ 

 
Figure 14. Circuit in WIPL-D Microwave. 

!ƭƭ ƎŜƴŜǊŀǘƻǊǎ ƛƴ ǘƘŜ ƛƳǇƻǊǘŜŘ ƳƻŘŜƭ ŀǊŜ ǎŜǘ ǘƻ мҌƧл ώ±ϐΦ 
hǇŜǊŀǘƛƻƴ ƳƻŘŜ ƛǎ ǎŜǘ ǘƻ hƴŜ ƎŜƴŜǊŀǘƻǊ ŀǘ ǘƛƳŜΦ !ǎ ŎƻƴǎŜǉǳŜƴŎŜ 
ƻŦ ǎǳŎƘ ǎƛƳǳƭŀǘƛƻƴ ǎŜǘǘƛƴƎǎΣ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ƛǎ ƻōǘŀƛƴŜŘ ŦƻǊ ŜŀŎƘ 
ƎŜƴŜǊŀǘƻǊ ǿƘƛƭŜ ŀƭƭ ǘƘŜ ƻǘƘŜǊ ƎŜƴŜǊŀǘƻǊǎ ŀǊŜ ǎƘƻǊǘ ŎƛǊŎǳƛǘŜŘΦ  

²Lt[π5 aƛŎǊƻǿŀǾŜ tǊƻ Ŏŀƴ ƳƻŘƛŦȅ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴǎ ŀŎŎƻǊŘƛƴƎ 
ǘƻ ǾƻƭǘŀƎŜǎ ǎŜǘ ƛƴ ²Lt[π5 aƛŎǊƻǿŀǾŜ ƛǘǎŜƭŦΣ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŀǘ ŀƭƭ 
ƎŜƴŜǊŀǘƻǊǎ ƻǇŜǊŀǘŜΦ Lǘ ƛǎ ŎŀƭƭŜŘ άǎƳŀǊǘ ǎƛƳǳƭŀǘƛƻƴέ ƛƴ ²Lt[π5 
aƛŎǊƻǿŀǾŜ tǊƻΦ 

¢ƘŜǊŜ ŀǊŜ ǘǿƻ ƳŜǘƘƻŘǎ ŦƻǊ ƻōǘŀƛƴƛƴƎ ǇƘŀǎŜ ŘƛŦŦŜǊŜƴŎŜǎ ƻŦ 
ƎŜƴŜǊŀǘƻǊǎ ƛƴ ²Lt[π5 aƛŎǊƻǿŀǾŜΥ ōȅ ǳǎƛƴƎ ŦƻǊƳǳƭŀǎ ƻǊ ōȅ ǳǎƛƴƎ 
²Lt[π5 hǇǘƛƳƛȊŜǊΦ 



 

 
 

LŦ ǘƘŜ ŦƻǊƳǳƭŀǎ ŀǊŜ ǳǎŜŘ ŀƴŘ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ Ƴŀƛƴ ōŜŀƳ ƛǎ ǎŜǘ ǘƻ 
ǘƘŜǘŀ Ґ л 5ŜƎǊŜŜǎ ŀƴŘ ǇƘƛ Ґ пр 5ŜƎǊŜŜǎΣ ŎŀƭŎǳƭŀǘŜŘ ǊŀŘƛŀǘƛƻƴ 
ǇŀǘǘŜǊƴ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ мрΦ 

 
Figure 15. 3D radiation pattern of quarter of the array. 

Main beam direction is defined for theta = 0 Degrees and 
phi = 45 Degrees. 

¢ƘŜǘŀ Ґ л 5ŜƎǊŜŜǎ Ŏǳǘǎ ƻŦ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴǎ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ 
ƳƻŘŜƭǎ ǿƘŜǊŜ ǇƘŀǎŜ ǎƘƛŦǘǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ Ƴŀƴǳŀƭƭȅ όǳǎƛƴƎ 
ŦƻǊƳǳƭŀǎύ ŀƴŘ ƻǇǘƛƳƛȊŜŘ όǳǎƛƴƎ ²Lt[π5 hǇǘƛƳƛȊŜǊύ ŀǊŜ ǎƘƻǿƴ ƛƴ 
CƛƎǳǊŜ мсΦ Dŀƛƴ ƛƴ Ƴŀƛƴ ōŜŀƳ ŘƛǊŜŎǘƛƻƴ ǎƘƻǳƭŘ ōŜ ƳŀȄƛƳƛȊŜŘ 
όǘƘŜǘŀ Ґ л 5ŜƎǊŜŜǎΣ ǇƘƛ Ґ пр 5ŜƎǊŜŜǎύΦ 

 
Figure 16. Overlaid theta-cuts. Manually calculated phase 

shifts and optimized phase shifts 

CƛƎǳǊŜ мт ŀƴŘ CƛƎǳǊŜ му ǎƘƻǿ ǳǎ ǘƘŜǘŀ Ŏǳǘǎ ƻŦ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴǎΣ 
ǿƘŜǊŜ ǘƘŜ Ƴŀƛƴ ōŜŀƳ ŘƛǊŜŎǘƛƻƴǎ ŀǊŜ ǎŜǘ ŦƻǊ ǘƘŜǘŀ Ґ л 5ŜƎǊŜŜǎ ŀƴŘ 
ǇƘƛ Ґ ол 5ŜƎǊŜŜǎ ŀƴŘ ǘƘŜǘŀ Ґ л 5ŜƎǊŜŜǎ ŀƴŘ ǇƘƛ Ґ мр 5ŜƎǊŜŜǎΣ 
ǊŜǎǇŜŎǘƛǾŜƭȅΦ aŜƴǘƛƻƴŜŘ ŦƛƎǳǊŜǎ ǇǊŜǎŜƴǘ ǊŜǎǳƭǘǎ ǳǎƛƴƎ ƳƻŘŜƭǎ 
ǿƘŜǊŜ ǇƘŀǎŜǎ ƻŦ ǘƘŜ ƎŜƴŜǊŀǘƻǊǎ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ŦƻǊƳǳƭŀǎΦ 

 
Figure 17. Theta-cut of the radiation pattern. Theta = 

0 Degrees and phi = 30 Degrees is main beam direction 

 
Figure 18. Theta-cut of the radiation pattern. Theta = 

0 Degrees and phi = 15 Degrees is main beam direction 

hōǎŜǊǾƛƴƎ CƛƎǳǊŜ мт ŀƴŘ CƛƎǳǊŜ муΣ ƻƴŜ Ŏŀƴ ǎŜŜ ǘƘŀǘ Ƴŀƛƴ ōŜŀƳǎ 
ǎǘŀƴŘƛƴƎ ƻǳǘ ŎƭŜŀǊƭȅΦ IƻǿŜǾŜǊΣ ƛǘ Ŏŀƴ ōŜ ŀƭǎƻ ǎŜŜƴ ǘƘŀǘ ƭŜǾŜƭ ƻŦ ǎƛŘŜ 
ƭƻōŜǎ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘΦ 

¢ƘǳǎΣ ƛǘ ƛǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ǇƘŀǎŜǎ ƻŦ ǘƘŜ ƎŜƴŜǊŀǘƻǊǎ ǘƻ ōŜ ƻǇǘƛƳƛȊŜŘΣ 
ƛƴ ƻǊŘŜǊ ǘƻ ƳƛƴƛƳƛȊŜ ǎƛŘŜ ƭƻōŜǎ ƻŦ ǘƘŜ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴΦ Lƴ ǘƘŜ 
CƛƎǳǊŜ мф ŀ ǘƘŜǘŀπŎǳǘ ƻŦ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ƛǎ ǎƘƻǿƴΦ ¢ƘŜ ŀƴǘŜƴƴŀ 
ƛǎ ǿƛǘƘ Ƴŀƛƴ ōŜŀƳ ŘƛǊŜŎǘƛƻƴ ŘŜŦƛƴŜŘ ŦƻǊ ŀƴƎƭŜǎ ǘƘŜǘŀ Ґ л 5ŜƎǊŜŜǎ 
ŀƴŘ ǇƘƛ Ґ ол 5ŜƎǊŜŜǎΦ ¢ƘŜ ƻǇǘƛƳƛȊŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ǎǳŎƘ 
ƳŀƴƴŜǊ ǘƘŀǘ ǎƛŘŜ ƭƻōŜǎ ŀǊŜ ƭŜǎǎ ǘƘŀƴ мл Ř.Φ 

5ƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǎƛŘŜ ƭƻōŜǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ му ŀƴŘ CƛƎǳǊŜ мф 
ƛǎ ŎƭŜŀǊƭȅ ǎŜŜƴΦ 



 

 
 

 
Figure 19. Theta-cut of the radiation pattern 

о5 ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ǿƘŜǊŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ Ƴŀƛƴ ōŜŀƳ ŀǇǇŜŀǊǎ 
ŦƻǊ ǘƘŜǘŀ Ґ πол 5ŜƎǊŜŜǎ ŀƴŘ ǇƘƛ Ґ ол 5ŜƎǊŜŜǎ ƛǎ ǎƘƻǿƴ ƛƴ 
CƛƎǳǊŜ нлΦ 

 
Figure 20. 3D radiation pattern of quarter of the array. 

Main beam direction appears for theta = -30 Degrees and 
phi = 30 Degrees 

¢ƘŜǘŀ Ґ πол 5ŜƎǊŜŜǎ Ŏǳǘ ƻŦ ǘƘŜ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ǎƘƻǿƴ ƛƴ 
CƛƎǳǊŜ нл ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ CƛƎǳǊŜ нмΦ 

 
Figure 21. Theta-cut of the radiation pattern 

¢ƘŜ ƻǾŜǊƭŀƛŘ ǊŜǎǳƭǘǎ ŦƻǊ ǘƘŜ ǘƘŜǘŀ Ŏǳǘ ƻŦ ǊŀŘƛŀǘƛƻƴ ǇŀǘǘŜǊƴ ŦƻǊ Ŧǳƭƭ 
ƳƻŘŜƭ ƻŦ ǘƘŜ ŀǊǊŀȅ ŀƴŘ ŦƻǊ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀǊǊŀȅ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ 
CƛƎǳǊŜ ннΦ 

 
Figure 22. Overlaid theta-cuts. Radiation pattern obtained 

using full model of the array and quarter model of the 
array. 

hōǎŜǊǾƛƴƎ CƛƎǳǊŜ ннΣ ƻƴŜ Ŏŀƴ ǎŜŜ ǘƘŀǘ ǘƘŜ ǎƘŀǇŜǎ ƻŦ ǘƘŜ ǊŀŘƛŀǘƛƻƴ 
ǇŀǘǘŜǊƴǎ ŀǊŜ ǘƘŜ ǎŀƳŜ ŦƻǊ ǘƘŜ Ŧǳƭƭ ƳƻŘŜƭ ŀƴŘ ŦƻǊ ƳƻŘŜƭ ƻŦ ŀ 
ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀǊǊŀȅΦ 

!ƭƭ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ƻƴ ǊŜƎǳƭŀǊ ŘŜǎƪǘƻǇ t/ LƴǘŜƭϯ 
/ƻǊŜϰ ƛт /t¦ ттллϪ оΦсл DIȊΦ Lƴ ƻǊŘŜǊ ǘƻ ǎǇŜŜŘ ǳǇ ǘƘŜ Ƴƻǎǘ 
ŘŜƳŀƴŘƛƴƎ ǎǘŀƎŜ ƻŦ ǘƘŜ aƻa ǎƛƳǳƭŀǘƛƻƴ όŦƻǊ ŜƭŜŎǘǊƛŎŀƭƭȅ 
ƳƻŘŜǊŀǘŜ ŀƴŘ ƭŀǊƎŜ ƳƻŘŜƭǎύ ǘƘŜ ƳŀǘǊƛȄ ƛƴǾŜǊǎƛƻƴΣ ²Lt[π5 Dt¦ 
{ƻƭǾŜǊ ǿŀǎ ǳǎŜŘΦ ¢ƘŜ t/ ǿŀǎ ŜƴƘŀƴŎŜŘ ǿƛǘƘ ƛƴŜȄǇŜƴǎƛǾŜ ƭƻǿπŜƴŘ 
bǾƛŘƛŀ Dt¦ ŎŀǊŘ D¢·млулΦ {ƛƳǳƭŀǘƛƻƴ ǘƛƳŜǎ ŀƴŘ ƴǳƳōŜǊǎ ƻŦ 
ǳƴƪƴƻǿƴǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ мΦ 

Lƴ ŀƭƭ ŎŀǎŜǎΣ ǘƘŜ ƳŀǘǊƛȄ Ŧƛƭƭπƛƴ ǿŀǎ ŘƻƴŜ ƻƴ /t¦Φ /t¦ ǘƛƳŜ ŀǎǎǳƳŜǎ 
ǘƘŀǘ ǘƘŜ ƳŀǘǊƛȄ ƛƴǾŜǊǎƛƻƴ ƛǎ ŀƭǎƻ ŘƻƴŜ ƻƴ /t¦Σ ǿƘƛƭŜ ǘƘŜ ƳŀǊƪ Dt¦ 
ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ƳŀǘǊƛȄ ƛƴǾŜǊǎƛƻƴ ǿŀǎ ŘƻƴŜ ƻƴ Dt¦ ŎŀǊŘΦ 

Table 1. Simulation time and number of unknowns for 
simulated models 

Model Number of 
unknowns 

Simulation time 
CPU [sec] 

Simulation time 
GPU [sec] 

{ƛƴƎƭŜ ǇŀǘŎƘ 
ŀƴǘŜƴƴŀ 

ррл лΦр π 

vǳŀǊǘŜǊ ƻŦ ǘƘŜ 
ŀǊǊŀȅ 

моппп по нф 

!ǊǊŀȅ рнтос мΣомр нур 

!ŦǘŜǊ о5 9a ƳƻŘŜƭǎ ŀǊŜ ǎƛƳǳƭŀǘŜŘΣ ǘƘŜǎŜ ŀǊŜ ƛƳǇƻǊǘŜŘ ƛƴǘƻ ǘƘŜ 
²Lt[π5 aƛŎǊƻǿŀǾŜ όŀǎ ŜȄǇƭŀƛƴŜŘ ŜŀǊƭƛŜǊύΦ о5 9a ƳƻŘŜƭǎ ŀǊŜ 
ǎƛƳǳƭŀǘŜŘ ƻƴƭȅ ƻƴŎŜΦ ¢ƘŜ ǊŜǎǘ ƻŦ ƳƛŎǊƻǿŀǾŜ ŎƛǊŎǳƛǘ ƛǎ ǎƛƳǳƭŀǘŜŘ 
ŘǳǊƛƴƎ ǘƘŜ ƻǇǘƛƳƛȊŀǘƛƻƴΣ ǿƘƛƭŜ ǘƘŜ ǊŜǎǳƭǘǎ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ о5 9a 
ǎƛƳǳƭŀǘƛƻƴ ǿŜǊŜ ǳǎŜŘ ƻƴƭȅ ƻƴŎŜΦ ¢Ƙƛǎ ƛǎΣ ǎƻ ŎŀƭƭŜŘΣ Ŏo-simulationΦ 
9ǾŜǊȅ ŎƻπǎƛƳǳƭŀǘƛƻƴ Ǌǳƴ ƭŀǎǘǎ ƭŜǎǎ ǘƘŀƴ 2 secƻƴŘǎ. ¢Ƙƛǎ ƳŜŀƴǎ 
ǘƘŀǘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ŀŦǘŜǊ ǘƘŜ ǉǳŀǊǘŜǊ ƻŦ ǘƘŜ ŀǊǊŀȅ ƛǎ ǎƛƳǳƭŀǘŜŘ 
όǎƛƳǳƭŀǘƛƻƴ ƭŀǎǘǎ ŀōƻǳǘ млл ǎŜŎƻƴŘǎύΣ ŜŀŎƘ ƻǇǘƛƳƛȊŜǊ Ǌǳƴ ƭŀǎǘǎ ŦƻǊ 
ŀōƻǳǘ н ǎŜŎƻƴŘǎ. 


