
Microwave engineering in physics 2025:  
key topics & notions



From wires to transmission lines



Waves in a TEM transmission lines

engineering notation
<latexit sha1_base64="OCYwNiUZeLns9pwCk17QD2qsG7k=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQb0IQS8eI5gHJEuYncwmY2YfmekNhCXf4cWDIl79GG/+jZNkDxotaCiquunu8mIpNNr2l5VbWV1b38hvFra2d3b3ivsHDR0livE6i2SkWh7VXIqQ11Gg5K1YcRp4kje94e3Mb4650iIKH3ASczeg/VD4glE0kvtIrklHjxSmZ860WyzZZXsO8pc4GSlBhlq3+NnpRSwJeIhMUq3bjh2jm1KFgkk+LXQSzWPKhrTP24aGNODaTedHT8mJUXrEj5SpEMlc/TmR0kDrSeCZzoDiQC97M/E/r52gf+WmIowT5CFbLPITSTAiswRITyjOUE4MoUwJcythA6ooQ5NTwYTgLL/8lzTOy85FuXJfKVVvsjjycATHcAoOXEIV7qAGdWAwgid4gVdrbD1bb9b7ojVnZTOH8AvWxzetipFo</latexit>

j =
→
↑1

loss

dispersion

wave 
impedance

Frequency dependence of L or C generally leads to dispersion



Reflectrometry and input impedance

<latexit sha1_base64="KBbnJvUtTFumUS8Ii9xhLTFvnP8=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqI0QtLGwiGA+THIce5tNsmR379jdE8KRX2FjoYitP8fOf+MmuUITHww83pthZl4Yc6aN6347uZXVtfWN/GZha3tnd6+4f9DQUaIIrZOIR6oVYk05k7RumOG0FSuKRchpMxzdTP3mE1WaRfLBjGPqCzyQrM8INlZ6bAd36Aq1AzcoltyyOwNaJl5GSpChFhS/ur2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvAEnVilh/qRsiUNmqm/J1IstB6L0HYKbIZ60ZuK/3mdxPQv/ZTJODFUkvmifsKRidD0e9RjihLDx5Zgopi9FZEhVpgYm1HBhuAtvrxMGmdl77xcua+UqtdZHHk4gmM4BQ8uoAq3UIM6EBDwDK/w5ijnxXl3PuatOSebOYQ/cD5/AA9Oj0g=</latexit>

ZL = Z0

Input impedance

Reflection coefficient

Matching



Elementary impedance matching: 1/4-wave transformer

<latexit sha1_base64="kIlGrpLv1X98gyZ/H/dfv195Aiw=">AAAB+3icbVDLSgNBEOyNrxhfazx6GQyCp7gbgnoRgl48eIhgHiRZl9nJJBky+2BmVgzL/ooXD4p49Ue8+TdOkj1oYkFDUdVNd5cXcSaVZX0buZXVtfWN/GZha3tnd8/cLzZlGAtCGyTkoWh7WFLOAtpQTHHajgTFvsdpyxtfT/3WIxWShcG9mkTU8fEwYANGsNKSaxY7bsKCFF2ijms9VE477q1rlqyyNQNaJnZGSpCh7ppfvX5IYp8GinAsZde2IuUkWChGOE0LvVjSCJMxHtKupgH2qXSS2e0pOtZKHw1CoStQaKb+nkiwL+XE93Snj9VILnpT8T+vG6vBhaN/i2JFAzJfNIg5UiGaBoH6TFCi+EQTTATTtyIywgITpeMq6BDsxZeXSbNSts/K1btqqXaVxZGHQziCE7DhHGpwA3VoAIEneIZXeDNS48V4Nz7mrTkjmzmAPzA+fwD18pMa</latexit>

Zin = Z2
0/ZL

transformation-bandwidth tradeof

on-resonance



Reflection of a resonator: internal and external loss

<latexit sha1_base64="hPCyd2yCpvkAJCN2OZ3R7Di9GS4=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIruqMFHVZdOOygn1AOwyZNNOGJpMhyQi19EvcuFDErZ/izr8xbWehrQcu93DOveTmRCln2njet1NYW9/Y3Cpul3Z29/bL7sFhS8tMEdokkkvVibCmnCW0aZjhtJMqikXEaTsa3c789iNVmsnkwYxTGgg8SFjMCDZWCt1yTwo6wOeLFnqhW/Gq3hxolfg5qUCORuh+9fqSZIImhnCsddf3UhNMsDKMcDot9TJNU0xGeEC7liZYUB1M5odP0alV+iiWylZi0Fz9vTHBQuuxiOykwGaol72Z+J/XzUx8HUxYkmaGJmTxUJxxZCSapYD6TFFi+NgSTBSztyIyxAoTY7Mq2RD85S+vktZF1b+s1u5rlfpNHkcRjuEEzsCHK6jDHTSgCQQyeIZXeHOenBfn3flYjBacfOcI/sD5/AE7HZLS</latexit>

ω/ω0
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Qint/Qext → ↑
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Qint/Qext → 0



TE/TM waveguides with a propagation cut-of

a = 2 cm



Microwave network analysis
Z-matrix

S-matrix

<latexit sha1_base64="pSczTupkcyxE806ZM0omL21BV/U=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARKtKSSKluhKIb3VW0F9rGMJlO2qGTCzMToYS+iRtfxY0LRcRd38ZpGqFWDwx8/P85nDm/EzIqpGFMtMzS8srqWnY9t7G5tb2j7+41RBBxTOo4YAFvOUgQRn1Sl1Qy0go5QZ7DSNMZXk395iPhggb+vRyFxPJQ36cuxUgqydYr3QGS8A5ewEJCbXgC27aR8M3xQ1w0xz9Gcc6w9bxRMpKCf8FMIQ/Sqtn6V7cX4MgjvsQMCdExjVBaMeKSYkbGuW4kSIjwEPVJR6GPPCKsOLlvDI+U0oNuwNXzJUzU+YkYeUKMPEd1ekgOxKI3Ff/zOpF0z62Y+mEkiY9ni9yIQRnAaViwRznBko0UIMyp+ivEA8QRlirSnArBXDz5LzROS2alVL4t56uXaRxZcAAOQQGY4AxUwTWogTrA4Am8gDfwrj1rr9qH9jlrzWjpzD74VdrkG8xNnoM=</latexit>

Ŝ = (Ẑ + Z0Î)
→1(Ẑ → Z0Î)



From T-matrix to S-matrix

=

Arbitrary non-reciprocal 2-port circuit



Three-port devices

<latexit sha1_base64="DMwPZWufCXwyxtXfAjhQzZiNqrI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHiOaByRJmJ51kyOzsMjMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zSdUmkfywYxj9EM6kLzPGTVWerzvplJOyBVxu8WSW3ZnIMvEy0gJMtS6xa9OL2JJiNIwQbVue25s/JQqw5nASaGTaIwpG9EBti2VNETtp7OLJ+TEKj3Sj5QtachM/T2R0lDrcRjYzpCaoV70puJ/Xjsx/Us/5TJODEo2X9RPBDERmb5PelwhM2JsCWWK21sJG1JFmbEhFWwI3uLLy6RxVvbOy5W7Sql6ncWRhyM4hlPw4AKqcAs1qAMDCc/wCm+Odl6cd+dj3ppzsplD+APn8wdqIZAa</latexit>

Snn = 0

<latexit sha1_base64="gFeHf53q7Vz49NDOZlJzTvAMfPE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YvHSj+lXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8IOZMG9f9dnIrq2vrG/nNwtb2zu5ecf+gqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywup36rSeqNItk3Yxj6gs8kCxkBBsrPdTQNao9pvVJr1hyy+4MaJl4GSlBhmqv+NXtRyQRVBrCsdYdz42Nn2JlGOF0UugmmsaYjPCAdiyVWFDtp7ODJ+jEKn0URsqWNGim/p5IsdB6LALbKbAZ6kVvKv7ndRITXvkpk3FiqCTzRWHCkYnQ9HvUZ4oSw8eWYKKYvRWRIVaYGJtRwYbgLb68TJpnZe+ifH5/XqrcZHHk4QiO4RQ8uIQK3EEVGkBAwDO8wpujnBfn3fmYt+acbOYQ/sD5/AGi1I+q</latexit>

S = ST

<latexit sha1_base64="/8PM4DOGe/xfHJLcHwNjqP/oRHw=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBHERZmRom6EohvdVewL2mnJpJk2NJMZkoxShvkPNy4Uceu/uPNvTNtZaOuBezmccy+5OV7EmdK2/W0tLa+srq3nNvKbW9s7u4W9/YYKY0lonYQ8lC0PK8qZoHXNNKetSFIceJw2vdHNxG8+UqlYKGp6HFE3wAPBfEawNlL3oZvUUtNOU3SF7nqFol2yp0CLxMlIETJUe4WvTj8kcUCFJhwr1XbsSLsJlpoRTtN8J1Y0wmSEB7RtqMABVW4yvTpFx0bpIz+UpoRGU/X3RoIDpcaBZyYDrIdq3puI/3ntWPuXbsJEFGsqyOwhP+ZIh2gSAeozSYnmY0MwkczcisgQS0y0CSpvQnDmv7xIGmcl57xUvi8XK9dZHDk4hCM4AQcuoAK3UIU6EJDwDK/wZj1ZL9a79TEbXbKynQP4A+vzByi3kaU=</latexit>

STS→ = I

Matched

Reciprocal

Lossless

Resistive devider 
(R,M)

Lossless devider 
(R,L)

Circulator 
(M, L)



Nyquist-Johnson noise

link to 
stat physics

Cascade

Effective noise  
temperature

gain of first stage



(parametric) Amplification

Amplifier 
= 

negative 
load resistance…

<latexit sha1_base64="yHH1rjNjn/YbG4aV6HikjZSwtBE=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BIvgqexKUU9S9KDHCvYD26XMptk2NMkuSVYo2/4LLx4U8eq/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QpAU84krRtmOG3FioIIOG0Gw5up33yiSrNIPphRTH0BfclCRsBY6XHcuQUhYHzldYslt+zOgJeJl5ESylDrFr86vYgkgkpDOGjd9tzY+Ckowwink0In0TQGMoQ+bVsqQVDtp7OLJ/jEKj0cRsqWNHim/p5IQWg9EoHtFGAGetGbiv957cSEl37KZJwYKsl8UZhwbCI8fR/3mKLE8JElQBSzt2IyAAXE2JAKNgRv8eVl0jgre+flyn2lVL3O4sijI3SMTpGHLlAV3aEaqiOCJHpGr+jN0c6L8+58zFtzTjZziP7A+fwBGTWQjQ==</latexit>

|!| > 1

M. Devoret lecture @ CdF

<latexit sha1_base64="KKJQZXzYrRr2XBMbrOJUpZgTGkI=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZO0tnUhVN24rGAf2IYwmU7aoZOHM5NCCf0TNy4UceufuPNvnLQVVPTAhcM593LvPV7MqJCm+aHllpZXVtfy64WNza3tHX13ryWihGPSxBGLeMdDgjAakqakkpFOzAkKPEba3ugq89tjwgWNwls5iYkToEFIfYqRVJKr6xfwHLZOeuKey/TOxVNXL5rGWa1in9rQNEyzapcqGbGrZbsELaVkKIIFGq7+3utHOAlIKDFDQnQtM5ZOirikmJFpoZcIEiM8QgPSVTREARFOOrt8Co+U0od+xFWFEs7U7xMpCoSYBJ7qDJAcit9eJv7ldRPp15yUhnEiSYjni/yEQRnBLAbYp5xgySaKIMypuhXiIeIISxVWQYXw9Sn8n7Rsw6oY5ZtysX65iCMPDsAhOAYWqII6uAYN0AQYjMEDeALPWqo9ai/a67w1py1m9sEPaG+frPGTFQ==</latexit>

A = V/
√

Zc



Microwave office suite for lumped-element simulations



HFSS suite for distributed systems simulations



Microwave engineering in physics 2025:  
what we did not cover



Non-reciprocal devices

Sets the difference between clockwise and counterclockwise waves

Larmor frequency

Larmor precession 
of magnetization

non-reciprocity



Hybrid couplers

Analog of optical beam-splitters



Antena designs

<latexit sha1_base64="ZPeNG6dIxBudTb+Uu4j/vz+pXFc=">AAACE3icbVC7SgNBFJ31GeMramkzGASxiLsajGXQxs4I5gHZEGYnN8mQmd1xZlYMS/wGG3/FxkIRWxs7/8bJo9DEAxcO59zLvfcEkjNtXPfbmZtfWFxaTq2kV9fWNzYzW9sVHcWKQplGPFK1gGjgLISyYYZDTSogIuBQDXoXQ796B0qzKLwxfQkNQTohazNKjJWamUNf3yqT+CJuukc+SM24ld0B9omUKrrHJ4XCg38loEOamaybc0fAs8SbkCyaoNTMfPmtiMYCQkM50bruudI0EqIMoxwGaT/WIAntkQ7ULQ2JAN1IRj8N8L5VWrgdKVuhwSP190RChNZ9EdhOQUxXT3tD8T+vHpv2WSNhoYwNhHS8qB1zbCI8DAi3mAJqeN8SQhWzt2LaJYpQY2NM2xC86ZdnSeU4553m8tf5bPF8EkcK7aI9dIA8VEBFdIlKqIwoekTP6BW9OU/Oi/PufIxb55zJzA76A+fzB4yunfE=</latexit>√
µ0/ω0 → 377 !

EM waves 
come 
from 

accelerating 
charges



Semiconductor electronics

Microwave IC



Filter design



Qubit measurements

Come do a project in our labs! 
(Brantut, Scarlino, Kippenberg, VM, …)

From cavity QED to circuit QED


