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Selecting Ferrite Circulators for Radar Applications 
By Dave Cruickshank and Brian Hartnett, Skyworks Solutions, Inc. 

 

Radar markets continue to forecast positive growth, and Skyworks Solutions offers a range of products 

designed specifically for these expanding markets, including materials for phase shifter applications and 

ferrite circulators. A block diagram of a typical radar system requiring phase shifters is shown below.  

 

A phase shifter can be assembled in various ways, using either semiconductor or ferrite-based elements. 

A ferrite version can be digital (using digitally-controlled pulses along a single piece of ferrite, usually in a 

toroid form) or analog (using individual phase shifting pieces or “bits” of ferrite for predetermined phase 

shift amounts). It is the digital ferrite device that is currently of most interest to the microwave industry, 

an example of which is shown in Figure 1. Here, the ferrite toroid is inserted into an appropriate 

waveguide size for the desired frequency. 

http://www.skyworksinc.com/
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The "squareness" of the hysteresis loop is the most critical feature of this component. Borrowing a bit of 

technology from the computer industry, operation relies on the ability of the ferrite or garnet to 

remember its past history of magnetization. A typical hysteresis loop for yttrium iron garnet is shown in 

Figure 2. The memory, which may be defined as Br/BMAX (the remanent magnetic moment divided by 

the maximum moment) is typically 0.75 for a toroidal shape. The controlling magnetic field is supplied 

by the axial wire running through the garnet tube which acts like a thick toroid. If a positive pulse of 

current is sent through the wire, creating sufficient field to latch the ferrite, it will remain magnetized at 

the plus remanent value. If a negative pulse is sent through the wire, the material will latch in the 

opposite direction. 
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The digital ferrite phase shifter can be analyzed as a form of the transversely magnetized, twin slab, 

ferrite phase shifter, since components of the circumferential magnetization are in effect anti-parallel 

and transverse to the direction of propagation. 
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As shown earlier in Figure 1, to the right of the waveguide center line the remanent magnetization is 

downward, while to the left, magnetization is upward. These regions each contain components of RF 

magnetic field that are circularly polarized in opposite sense. With the RF power flow in one direction, 

the direction of RF polarization has the same sense on both sides with respect to the steady remanent 

magnetization, and this corresponds to one state of permeability, say (μ+). Reversing the magnetization 

or the direction of power flow will alter the polarization with respect to the RF field and provide a 

different state of permeability (μ—).  

The differential phase shift is non- reciprocal then, and is given in terms of the difference between (μ+) 

and (μ—), generally:  

df= μ+ – μ— 
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Consequently, two values of phase shift are available from each length of material in the waveguide. The 

behavior is as shown in Figure 3. Note that the B/H curve resembles the df vs. I (the current) curve. With 

currently available materials, it is possible to build a 360° digital phase shifter from a single toroid with 

an insertion loss of approximately 0.5 dB in this configuration. In other words, this is an RF efficiency of 

89%. 

By cascading appropriate lengths of toroid tubing, each individually switched by current pulses, one can 

assemble a phase shifter having as many discrete values as required for the analog type. Each value can 

be switched in or out in less than a microsecond with no holding field or power required. 

A typical phased array using ferrite phase shifters is shown in Figure 4. A single, very high power RF 

source can be used, feeding out through a power divider to individual phase shifters, each of which can 

be independently varied to create the required beam shape and to electronically steer the beam. 

Typically, ferrite phase shifters are used in this way from S-band and upwards in frequency, beyond 40 

GHz. For lower frequencies, RF diode phase shifters are used because of their more compact size. In 

general, however, ferrite phase shifters are preferred to diode types because of their lower insertion 

loss. 
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From the above discussion, it is clear that ferrite material with low field loss properties at the frequency 

of operation is essential for low insertion loss. This indicates that the proper saturation moment must be 

chosen, and that a relatively narrow line width material, having a small anisotropy field, is the best 

choice. Magnesium-manganese ferrites, or yttrium-iron garnets with aluminum and gadolinium 

substitution for control of saturation moment, are generally utilized to satisfy these criteria. 
 

Additionally, the chosen material must also have a high remanent magnetization and possess a small 

coercive force to minimize the control power requirement. This means it should have good square loop 

properties. Fortunately, the best RF materials for this application also have very tolerable hysteresis loop 

properties as well with squareness ratios between 0.75 and 0.90 and coercive force values of between 

0.25 and 2.0 Oersteds depending upon the saturation value chosen. Trans-Tech Inc., a subsidiary of 

Skyworks Solutions, Inc. supplies materials with reduced magnetostriction and enhanced peak power 

handling for these types of applications on request, using special doping techniques. Examples of various 

types of materials are shown in Table 1. 
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For S-band radar operation, garnet 4PiMs values in the range 600 to 800 Gauss are used, whereas C-

band radars usually require garnets of 1000 to 1200 Gauss in the allocated frequency band. X-band 

radars can use either garnets or spinels in the range 1600 to 2150 Gauss. Spinels are used exclusively 

above X-band. 5000 Gauss materials are used in the range 20 to 50 GHz. 

The insertion loss of a phase shifter, when the ferrite magnetization is chosen correctly for the required 

frequency range, is determined by the dielectric and magnetic loss of the ferrite. Dielectric loss can be 

measured directly and is a function of material composition and, most importantly, process control and 

precision manufacturing. Trans-Tech regularly achieves state-of-the-art losses by monitoring (XRF, XRD, 

etc.) material properties at every stop of its manufacturing process and making minor corrections when 

required. Magnetic losses can be inferred from the spin wave line width, taking into account grain size, 

which allows a comparison of spinel versus garnet performance. However, spin wave line width also 

indicates peak power performance in below-resonance applications, so there is always a trade-off 

between magnetic contribution to loss and peak power handling. Utilizing doping techniques, Trans-

Tech is able to offer a wide range of materials with different spin wave line widths so as to optimize 

performance for a particular application. Within the garnet family of ferrite, it is also possible to use the 

ferromagnetic resonance line width (simply "line width" in Table 1) as the basis of comparison when 

considering the relative magnetic losses. This is not possible within the spinel system, which has low spin 

wave line width but relatively high resonance line width, and only the spin wave line width is relevant 

when comparing magnetic losses. In addition, Trans-Tech can utilize special heat treatments and/or 

doping to offer optimal squareness for any class of material.  

The circulator is another key component within the Transmit/Receive module of a radar system. It acts 

as a duplexer, allowing the outbound signal to pass to the antenna and directing the inbound signal to 

the receive chain for processing. The insertion loss of the circulator is critical to overall system 

performance and to insure expensive RF power is not wasted. 

Skyworks offers a wide range of circulators designed specifically for L- and S-band radar. The above 

ferromagnetic resonance designs cover UHF and low microwave frequencies, with losses around 0.2 dB 

and a small size relative to below-resonance devices at the same frequency. Additionally, the circulators 

have intrinsically better peak power handling because there is no spin wave generation above-

resonance.  

Since Trans-Tech is able to manufacture above-resonance materials with low and extremely consistent 

line widths, it can tailor its component performance to exacting requirements. In above-resonance 

devices, there is no peak power non-linearity, and the power handling of the device is determined by 

the initial choice of material (generally chosen to minimize insertion loss and the heat sinking of the 

ferrite within the device). Trans-Tech has a range of low line width materials (less than 10 Oersted), 

from 800 to 1850 Gauss magnetization, with dielectric losses less than 0.0002, for these applications. 
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Above about 3.5 GHz, it is necessary to switch to below-resonance operation to minimize magnet size. In 

this frequency range, many of the materials mentioned in Table 1 can be used, as well as others not 

listed, because there is no switching or latching requirement, and the B/H loop is not relevant. 

Skyworks’ circulator offering demonstrates best-in-class performance through a systematic approach 

that emphasizes quality and reliability, from product development through volume production. 

Skyworks’ design center is ISO9001:2008 certified, and all production facilities are certified to ISO9000 

and ISO14000 standards. Six Sigma tools and methodologies are used to build quality into designs, to 

control manufacturing processes and to drive continuous improvement. The reliability of Skyworks’ 

circulators is assured by completing extensive stress testing during the qualification stage of all new 

product designs. There is also an ongoing monitoring program to insure reliability throughout the 

product life cycle. Typical reliability testing includes thermal shock, vibration, humidity and reflow 

simulation. All circulators are compliant to the EU RoHS directive 2002/95/EC. 

Skyworks' SKYFR-000409 is ideally suited for an L-band radar system. With a typical insertion loss of just 

0.30 dB, it insures minimal loss to the transmit chain. The single junction, drop-in circulator comes in an 

industry standard 25mm x 25mm housing and operates across a broad frequency range of 960 MHz to 

1200 MHz. Return loss for all ports are greater than 20 dB, and the isolation between ports is typically 

20 dB. Skyworks tested the SKYFR-000409 under a number of conditions (see Figure 5 and Table 2). As 

shown in Figures 6 and 7, the results of the high power testing show very little change in insertion loss 

performance. 
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Skyworks has a wide range of circulators available in L- and S-bands and is currently developing 

circulators for C- and X-bands. A more detailed description of the test methods used may be found in 

Skyworks Application Note, "Performance of Radar Circulators under Peak and Average Power 

Conditions." 


