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Introduction

Selecting the right switch technology for your application

RF and microwave switches are used extensively in microwave systems for signal routing between 
instruments and devices under test (DUT). Incorporating a switch into a switch matrix system lets 
you route signals from multiple instruments to single or multiple DUTs. This enables multiple tests to 
be performed with the same setup, eliminating the need for frequent connect and disconnects. The 
entire testing process can then be automated increasing throughput in a high volume production 
environment.

Abstract

Selecting the right switch technology (in terms of RF performance, reliability, switching time, power 
handling, etc.) to accessorize and/or complement your system set-up requires an investment of  
time and resources. This application note will not only enhance your core knowledge of the various 
switch technologies, but will also provide a selection of products currently offered by Keysight 
Technologies, Inc. to serve as a platform of comparisons for the technologies explained. The two 
mainstream switch technologies in use today, namely solid state and electro-mechanical (EM), will be 
discussed. The primary focus will be on the theory of operation, coupled with detailed explanation on 
some of the typical performance details.
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Types of Switches Before selecting a switch, it is important to understand the fundamental  
differences between switches. There are two major types of connectorized RF 
and microwave switch modules:

a)  Electro-mechanical switches. They rely on mechanical contacts as their 
switching mechanism. 

b)  Solid state switches. There are two main types of solid state switches: 
field-effect transistors (FETs) and PIN diodes. FET switches create a chan-
nel (depletion layer) that allows the current to flow from the drain to the  
source of the FET. The PIN diode consists of a high resistivity intrinsic (I) 
layer sandwiched between highly doped positively (P) charged material and  
negatively (N) charged material.

FETs and PIN diodes have long been used for switching applications. A brief 
overview of their characteristics will be helpful in understanding how switches 
operate. 

Using FETs for switching
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Figure 1. “On” and “Off” states in a field-effect transistor

Solid State Switch  
Overview
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FET switches are very stable and repeatable due to good control of the drain-
to-source resistance (RDS). Figure 1(a) shows the low channel resistance  (RDS 
= RON) which allows these switches to operate at low frequencies (down to 
DC). In the off state, as shown in Figure 1(b), the conduction channel is depleted 
(pinched off), which causes the FET to exhibit very high resistance (ROFF). 
This mechanism ensures that FETs provide excellent isolation at low frequen-
cies. The isolation of FET degrades at higher frequencies due to the effect of 
drain-to-source capacitance (CDS). Figure 2 shows a GaAs MESFET schematic, 
with Equation 1 showing the drain-to-source impedance as equal to 320 Ω at 
10 GHz. This is equivalent to an isolation of 10.5 dB between the drain and the 
source. Therefore, FET switches do not have good isolation at high frequencies.

CDS = 0.05 pFG

D

S

Figure 2. GaAs MESFET schematic

Equation 1

Using PIN diodes for switching
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Figure 3. PIN diode equivalent circuits

PIN diodes are another mainstream switching technology. The PIN diode  structure consists 
of an intrinsic (I) layer with very high resistivity material sandwiched between regions of 
highly doped positively (P) charged and negatively (N) charged material as shown in Figure 
3(a). 

Using FETs for switching 

(continued)
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When the PIN diode is forward biased, positive charges from the P region and 
negative charges from the N region are injected into the I-layer increasing 
its conductivity and lowering its resistance. Figure 3(b) shows the equivalent 
circuit with the PIN diode forward biased. L is the parasitic inductance and RS 
is the series resistance, approximately 1 ∑ depending on the biasing applied 
and the PIN diode structure. 

With reverse or zero biasing, the I layer is depleted of charges and the PIN 
diode exhibits very high resistance (RP) as shown in Figure 3(c). CT is the 
total capacitance of the PIN diode which is the sum of the diode junction 
capacitance (CJ0) and the parasitic capacitance (CP). Capacitance limits switch 
performance at high frequencies in the form of isolation roll-off and increased 
insertion loss. A low capacitance diode may help improve performance at 
higher frequencies. 

The most important feature of the PIN diode is its basic property as an almost 
pure resistor at RF and microwave frequencies. Its resistance value varies from 
10 KΩ to less than 1 Ω depending on the amount of current flowing through it. 
Two key PIN diode characteristics are:

 – The lowest operating frequency of PIN diode is given by Equation 2. The 
PIN  diode will behave like a PN diode if it operates below this frequency. 
The RF  signal will be rectified by the diode. 

Equation 2

 where  equals the minority carrier life time

 – The PIN diode impedance (forward bias) at RF and microwave frequencies  
depends primarily on DC forward bias, not on the RF or microwave signal.

Hybrid switches
It is clear that both PIN diodes and FETs provide distinctive advantages. 
However, neither exhibit superior bandwidth and isolation requirements at 
the same time. So, hybrid switches using FET and PIN diode technology were 
created to provide wide bandwidth and high RF performance switching. 
 
The theory of operation of hybrid switches is summarized below. 
Hybrid switches use:

 – Series FETs to extend the frequency response down to DC. (Series FETs 
provide excellent low frequency isolation.)

 – Shunt PIN diodes at λ/4 spacing to provide good isolation performance at 
the  high-end frequencies.

The utilization of series FETs instead of PIN diodes also provides better repeat-
ability performance because the RDS ON is well controlled.

Using PIN diodes for  
switching (continued)
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It is important to know how to select the right switch for your application. This 
section provides useful guidelines for this purpose. 

Table 1 shows the key performance comparison of electro-mechanical versus 
solid state switches. 

Table 1. Mechanical and solid state switch performance comparison (typical)

Table 1. Mechanical and solid state switch performance comparison (typical)

Switch  type
Electro- 
mechanical

Solid state

(FET) (PIN) (Hybrid)

Frequency 
range 

from DC from DC from MHz from kHz

Insertion loss low high medium high

Isolation good across 
all frequencies

good at low-
end frequencies

good at high-
end frequencies

good at  
high-end 
frequencies

Return loss good good good good

Repeatability good excellent excellent excellent

Switching 
speed

slow fast fast fast

Power handling high low low low

Operating life medium high high high

ESD immunity high low medium low

Sensitive to vibration RF power 
 overstress, 
 temperature

RF power
overstress,
temperature

RF power
overstress,
temperature

Table 2 shows the performance comparison of Keysight electro-mechanical 
and solid state switches. The key parameters and typical performances will be 
discussed in the following sections.

Table 2. Mechanical and solid state switch performance comparison (typical)

Switch type

Electro- 
mechanical 
N1810TL

Solid state (hybrid)
U9397C

Solid state (PIN) 
85331B

Frequency range DC – 26.5 GHz 300 kHz – 18 GHz 45 MHz – 50 GHz

Insertion loss < 0.6 dB < 6.5 dB < 15.5 dB

Isolation 120 dB @ 26.5 GHz 100 dB @ 8 GHz 100 dB @ 0.5 GHz

Switching speed 10 – 50 ms < 350 µs < 1 µs

Power handling 30 W @ 4 GHz 
(cold switching)

0.8 W @ 8 GHz 0.5 W

Operating life > 5 million cycles infinite infinite

 

Switch Selection
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Insertion loss
Insertion loss plays an important role in many applications. In receiver ap-
plications, the effective sensitivity of the system is reduced by the amount of 
insertion loss. In system applications where the additional power needed to 
compensate for the loss (e.g. using amplifiers) may not be readily available, 
possibly due to cost or space constraints, low insertion loss will be the crucial 
element. Different switch technologies exhibit different insertion loss perfor-
mance. Electro-mechanical switches, which have the lowest loss (up to 26.5 
GHz), are suitable for these types of applications. Refer to Figure 4.
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Figure 4. Electro-mechanical versus solid state switch insertion loss (typical)
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Isolation
High isolation in switches is crucial in most measurement applications. Good 
isolation prevents stray signals from leaking into the desired signal path. In 
other words, an unwanted signal needs to be attenuated before it has an 
opportunity to reach a particular test port. High isolation is especially crucial in 
measurement systems where signals are consistently being routed to and from 
a variety of sources and receivers through various switch test ports. If these 
stray signals are allowed to filter through, measurement integrity is severely 
compromised. Figure 5 shows that the Keysight N1810TL electro-mechanical 
switch provides the best isolation performance (typically greater than 120 dB 
from DC to 26.5 GHz) compared to the solid state switches. The 85331B 50 
GHz solid state (PIN) switch provides excellent isolation performance from 4 to 
50 GHz, whereas the U9397C 18 GHz solid state (hybrid) switch offers typically 
> 100 dB of isolation up to 6 GHz.
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Switching speed
The measurement of switching speed is based on 10% to 90% RF, using a 
high speed generator and an oscilloscope. Switching speed has been and will 
continue to be one of the main strengths of GaAs FET switches. With ideal 
driver circuits, GaAs FET IC switches have been shown to to switch within < 
1 ns (die level). Looking into the future, the emergence of InGaAs material is 
expected to push the switching speed well into the sub-nanosecond region.

Fast switching speed is important in ATE industries where product (testing) 
through-put is of paramount importance. It is especially important in applica-
tions that require the stacking of multiple switches in series. Another new 
technology usage is in the automotive industry, namely for Adaptive Cruise 
Control (ACC) and Collision Avoidance Systems (CAS), where high-frequency 
transmitting and receiving switching rates need to be thoroughly analyzed.  

As can be seen from Table 2 on page 6, the switching time for U9397C 18 
GHz solid state (hybrid) switch is the fastest, followed by the 85331B 50 GHz 
solid state (PIN) switch and N1810TL 26.5 GHz electro-mechanical switch, 
respectively.

Operating life 
The switch operating life is specified as the minimum number of cycles (the 
number of times it switches from one position to another and back) before the 
switch starts to fail (i.e. where it no longer performs up to the minimum speci-
fications). Switch operating life is crucial when the switch is being integrated 
into test and measurement instruments or systems which require thousands of 
switching cycles for a single round of measurements. In this context, solid state 
switches would be the preferred choice. 

Other key parameters 
Besides the four key parameters discussed above, there are a few other aspects 
that need to be considered in the switch selection process. Electro-mechanical 
switches are sensitive to vibration due to a switching mechanism that relies 
solely on mechanical contacts. On the other hand, solid state switches are 
sensitive to RF overstress and temperature due to the limitation of the solid-
state devices. In addition, solid state FET switch ICs are very sensitive to ESD, 
in comparison to their electro-mechanical counterparts.

This application note illustrated the multiple aspects of the various switch 
technologies and their respective usage. The selection guide and switch 
overview sections have been specially tailored to assist you in selecting the 
right Keysight switch to optimize test performance and throughput for your 
applications.

Conclusion
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