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Outline

• Context of renewed interest for high power circulators 
and isolators in telecommunica6ons

• Passive intermodula6on measurements with 2 carriers
• Magne6c hysteresis model
• Behavioral Hammerstein model
• Valida6on of the model with 3 carriers
• Link to fractal dimension of sintered ferrite material
• Conclusion and future work
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Circulators and isolators

• Non-reciprocal devices using a ferrite polarized by a strong static magnetic  field

• Power transmitted only in one direction in isolator

• Isolators used in microwave payloads and functions to improve impedance matching and 
isolation between devices at less than 1 watt power

• Circulator used in Radar (1 carrier, transmission and reception at different times)

• Not used at higher power in multi-carrier telecoms because of non-linearity
except in some particular cases:
• Isolators at the output of telecom amplifiers because passive products  <<  active products

(amplifiers are followed by OMUX filter, low-pass filter and Rx/Tx diplexer)
• In some output Multiplexers (no longer used, only if no other solution, followed by diplexer)
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Use in Rx/Tx and in active antennas
• Circulators could be used between transmit amplifiers, antennas and receive amplifiers in telecoms 

multicarrier case, particularly for two-ways or full duplex systems, active antennas and MIMO systems

• Recent publications

• 4 articles in
• IEEE Microwave 

Magazine

• February 2019

• Active inter-modulations from the transmit amplifier can be reduced by a filter
• Passive inter-modulations in the receive bandwidth cannot be filtered out

• Possible active cancellation by analog and/or digital circuits

• Measurements and models are necessary

• Measures by Cobham in a CNES study particularly for more precise modeling
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for radio-interference suppression [48]. The experimental 
studies of full-duplex radios [49]– [61] have mostly been 
based on this same concept, and a decent cancellation 
level versus bandwidth performance can be achieved 
when adaptive control in conjunction with a good chan-
nel model is applied [58]– [61].

This article describes a series of breakthroughs 
accomplished on RF front ends that enable full-duplex 
radios with both passive isolation and RF leakage can-
cellation. These include

 r an antenna-isolation technique that relies on an 
indented array configuration [62], [63]

 r an innovative ultrawideband on-chip circulator 
design based on sequentially switched delay lines 
(SSDLs) [64]

 r an adaptive RF leakage-cancellation technique 
that automatically searches for the magnitude and 
phase of the leakage to cancel it [45]– [47]. 

With these approaches, a >70-dB suppression of the 
transceiver leakage can be achieved, which would 
allow sufficient dynamic range required by an effective 
baseband digital self-interference cancellation algo-
rithm. The design for these different building blocks 
must be carried out concurrently, with the objective of 
maximizing the isolation while minimizing the addi-
tion of noise and insertion loss to achieve the system 
benefit that full-duplex radios promise.

Antenna Isolation Technique—Indented Array
Existing antenna-isolation techniques utilize antenna 
pattern polarization and spatial placement strategy. 
To save space occupied by the antennas, isolation can 
be implemented using pattern diversity, e.g., placing 
the receiving antenna at the nulls of the transmitting 
antenna array pattern [38]– [41]; polarization diversity, 
with an orthomode transducer or circularly polar-
ized antennas [42]; or nonreciprocity with circulators. 
The spatial diversity approach cannot be applied to 
directional radios, where the pattern of the transmit-
ting antenna is required to be identical to that of the 
receiving antenna. The polarization diversity approach 
also limits the choices of polarization in the transmis-
sion and reception of the signals. The nonreciprocity 
approach with only circulators can offer limited isola-
tion, and it is ineffective against the leakage caused by 
the antenna return of the transmitted power because it 
is treated as if it is a received signal by the circulator.

An indented antenna array is proposed as a technique 
to enhance antenna isolation. It is based on breaking the 
spatial symmetry between the transmitting/receiving 
signal path and the transmitter-to-receiver leakage path, 
by indenting the antenna elements in an end-fire array 
progressively away from the conventional alignment 
of the broadside. The proposed indented antenna array 
can be used jointly with circulators to improve the isola-
tion from what is offered by circulators and suppress the 
leakage due to antenna reflection and the mutual cou-
pling among the antenna elements. The leakage power 
is therefore suppressed without limiting the choices of 
antenna polarizations and radiation patterns.

An example of an indented array for a monostatic 
setting with circulators is shown in Figure 2. When 
antenna elements are shifted away from the alignment 
line on the broadside, the transmitted or received wave 
makes a single trip through the indention while the 
antenna reflection or circulator leakage makes a round-
trip through the indention, providing the separation of 
these two mechanisms with passive delay lines and 
a power combiner. The N-element antenna array is 
tilted from its broadside with a constant slope that is 
assumed to create a linear progressive phase delay of 
∆{a between each adjacent pair of elements. Transmis-
sion lines with a linear progressive phase difference 
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Figure 1. A multitiered self-interference isolation/
cancellation in a full-duplex radio with (a) a bistatic 
antenna setting and (b) a monostatic antenna and circulator 
setting. PA: power amplifier; LNA: low-noise amplifier.
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footprint. Integrated CMOS circulators that show sig-
nificant promise have been proposed recently [36]. 
They exploit the time-variance characteristic of N-path 
filters to break the on-chip reciprocity. A recent version 
of this device has the ability to handle +8-dBm signal 
supplied by the transceiver [36].

An alternative implementation approach to realize a cir-
culator-like function is an EBD, which is based on a hybrid 
transformer [32] [Figure 4(c)]. EBDs can be integrated with 
the rest of the transceiver on the same silicon substrate 
and show promise toward achieving very high linearity 
(>70 dBm [37]), thus allowing their use with high-output 
power signals from a Tx. However, EBDs suffer from a 
high inherent insertion loss [32] due to reciprocal proper-
ties that translate to a minimum insertion loss of 3 dB in 
both the Tx and Rx signal paths. Also, similar to other sin-
gle-antenna FD systems, to maintain a high Tx-to-Rx isola-
tion, the balancing impedance must be tuned dynamically 
in response to antenna impedance changes [38], where the 
tuning circuitry has the potential to degrade the linearity 
performance. The mentioned Tx-to-Rx isolation methods 
differ from each other in size, depth of suppression, isola-
tion bandwidth, power-handling capability, linearity, and 

insertion loss, all of which are currently being explored by 
researchers in the RF community.

There are a number of considerations that must be 
taken into account when implementing any circuitry 
to perform RF/analog cancellation [39]. In general, an 
ideal integrated Tx SI canceler would possess the fol-
lowing characteristics:

 r introduce minimal noise in the Rx signal path, 
particularly if the SI mitigation component is 
placed prior to the low-noise amplifier (LNA)

 r be highly linear, especially any cancellation/fil-
tering blocks past the PA

 r occupy minimal silicon area, implying minimum 
use of inductors and transformers

 r present negligible loading (high impedance) to 
the Tx/PA output, which minimizes any output 
power loss and efficiency degradation

 r have minimal sensitivity to packaging and elec-
tromagnetic interference effects.

From the perspective of maximizing the Tx-to-Rx 
isolation, it is most beneficial to capture the entire Tx 
spectrum as close to the antenna as possible (PA out-
put) to include the modulated signal centered at the 
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Figure 4. The different Tx-to-Rx isolation methods: (a) two antennas, (b) a circulator, (c) an EBD [32], and (d) a dual-polarized 
antenna [23].
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Full test bench for transmitted and 
reflected PIM measurement

• Test bench calibrated for very small IM products
• Use of synthesizers with low amplitude, phase and frequency noise
• Noise bandwidth around carriers multiplied by order in IM products

4/04/2019 Measurement and Modeling of PIM in Isolators and Circulators - Copyright Jacques Sombrin 5

DUT

Measurement of  
reflected PIM

Measurement of  
transmitted PIM

f1

f2

OMUX Tx-Rx 
duplexer

Tx-Rx 
duplexer

OMUX dummy 
loads

5

Simplified test bench, transmission only

• Measurement in transmission only of 2-carrier IM products of orders 3, 5, 7 and 9
• Low PIM dummy load (long lossy coaxial cable, no reflecYons, no PIM reflected)
• Only one Tx1/Tx2 diplexer and one Tx-Rx diplexer needed

4/04/2019 Measurement and Modeling of PIM in Isolators and Circulators - Copyright Jacques Sombrin 6

Generator F 1

Generator F 2

Tx1-Tx2 
combiner

Device 
Under 
Test

Tx-Rx 
diplexer

Low PIM
Dummy load

Spectrum 
analyzer

Tx

Rx

6



12/12/2020

4

Tx1-Tx2 combiner

• Tx1 bandwidth 1804-1832 MHz
• Tx2 bandwidth 1859-1888 MHz
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Tx-Rx diplexer

• Rx bandwidth 1705-1787 MHz
• Tx bandwidth 1806-1880 MHz
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3 configurations of frequencies

• Measurement of 2-carrier IM products of orders 3, 5, 7 and 9
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f1 f2 2f1-f2 2f2-f1 3f1-2f2 3f2-2f1 4f1-3f2 4f2-3f1 5f1-4f2 5f2-4f1

1832 1859 1805 1886 1778 1913 1751 1940 1724 1967

1823 1861 1785 1899 1747 1937 1709 1975 1671 2013

1815 1870 1760 1925 1705 1980 1650 2035 1595 2090
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Measurements of orders 3, 5, 7 and 9

• Two isolators give similar curves

• Slopes of all orders around 2.5 dB/dB. Coherent with many published measurements

• Difficult to simulate with a classical model (polynomial, integer series, Taylor development, 
rational function or Padé development)
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Magnetic hysteresis (1)
• Measure of magnetization 𝑀(𝐻) of an iron filing  bar versus applied magnetic field 𝐻 by 

Ewing in 1885 (Ewing invented the word hysteresis) [Ewing 1885]

• Measure and first theory by Rayleigh in 1887 [Rayleigh, 1887]

• Magnetic induction 𝐵 depends on magnetic field and on material

• 𝐵 = 𝜇𝐻 can be written 𝐵 = 𝜇!𝐻 +𝑀 𝐻 = 𝜇! 𝐻 + 𝐽 𝐻

• Linear part of 𝑀 𝐻 can be removed

• Non-linear part depends on the  square of 𝐻 [Rayleigh, 1887]

• It is anti-symmetric:   𝑀 𝐻 = signe 𝐻 . 𝐻 " = 𝐻. 𝐻

• Order 2 and higher derivatives are discontinuous

• Harmonic power depends on the square of input power
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[Ewing 1885] J. A. Ewing, “Experimental Researches in Magnetism”, Philosophical Transaction R. Soc. London, 
1885 176, January 1885, pp. 523-640
[Rayleigh 1887] Lord Rayleigh, “Notes on electricity and magnetism – III. On the behaviour of iron and steel under 
the operation of feeble magnetic forces”, Philosophical Magazine and Journal of Science, March 1887, pp. 225-245
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MagneEc hysteresis(2)

• When changing the direction of field H variation, M does not retrace the same curve  => 
Hysteresis cycle

• Odd harmonics power computed by Rayleihgh in 1887

• Second curve with magnetic saturation at high field via the multiplication by a Padé like term, 
following Néel approach [Néel 1948]

[Néel 1948] L. Néel, “La loi d’approche en 𝛼/H et une nouvelle théorie de la dureté magnétique”, Journal Physique 
Radium, May 1948, Vol. 9, No. 5, pp. 182-192
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Physical model of isolator PIM
• Simulation of hysteresis with 

saturation

• For sinusoidal signal or for 2-carrier 

• Computation of IM products power
• Error due to model slope that is 

nearly 2 dB/dB (except near 
saturation)

• Correct model for iron, steel and 
Nickel alloys giving slopes of 2 dB/dB 
as measured in [Henrie,2016]

• Less correct for ferrite isolator

[Henrie, 2016] J. Henrie, US 9,306,261 B2 Patent, 2016
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Behavioral models of isolator PIM

• Slopes around 2,5 dB/dB

• Products power depends slightly on frequency

• Hammerstein model with slope 2,3 dB/dB

• Also tested a model with two different non-integer exponents
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ValidaEon of the non-analyEcal model

• Predictions of the non-analytical model are different from the classical 
(polynomial) model for multi-carrier signals

• Using the classical model (and generally for amplifiers), when adding carriers 
and keeping the same carrier power, the power of products from previous 
carrier does not change

• Using the non-analytical model with a slope lower than 3 dB/dB, when adding 
carriers, the power of products from previous carriers decreases

• Validation with 3 carriers
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Comparison of 2-carrier and 3-carrier IM 

• Same carrier power
• Same power for same type IM 
• 6 dB power ratio between 

types 2 and 3

• This is valid only for a 
degree 3 non-linearity
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Modification of the test bench for 3 carriers

• Third carrier is added to first one through hybrid coupler
• Possible active and passive IM between both carriers are filtered by Tx combiner
• Reduced possibilities, measurement of 3rd and 5th order PIM
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3 configurations of frequencies

• With 3 carriers, measurement of 3 order 3 IM products and 4 order 5 IM products
• With 2 carriers, measurement of 1 order 3 IM product and 1 order 5 IM product
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Spectrum of 3-carrier simulation

Carriers

2-carrier order 3 PIM
2-carrier order 5 PIM

3-carrier order 3 PIM
3-carrier order 5 PIM

Products measured 
in Rx bandwidth
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Measurement and Hammerstein model
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Results
• Decrease of 2-carrier PIM power from 2-carrier to 3-carrier case 

=> degree of NL is less than 3
• Change of slope on some PIM products to be explained

• higher order PIM products recombination,
• memory effects, temperature,
• IM between F1 and F3 in hybrid coupler,
• …

• Good model fit for order 3
• Correctly explain the decrease of PIM power from 2-carrier case to 3-

carrier case
• Model to be improved for order 5

22
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Open problems for a better physical model
• Explain the theoretical degree (and slope) of 2 in Rayleigh law of magnetism

• Explain the slope of around 2.3 to 2.5 dB/dB for measurements of ferrite isolators 
instead of the theoretical slope of 2 dB/dB
• Optimized ferrite material is sintered from powders with varied granulometry 

to minimize voids and get small grains and highest possible saturation
• The magnetic energy stored in a piece of magnetic material is proportional 

to the total surface of the grains (magnetic domains)
• The fractal dimension (Hausdorff dimension) of the grain surface in some 

ferrite samples has been measured with X-rays and is between 2.3 and 2.5
• Fractal dodecahedron or fractal pyramid: 2.32

• Apollonian sphere (3D extension of Apollonian gasket): 2.47 

• %&
& = 𝑟 %'' =>     % ()*(&)% ()*(') = 𝑟 = ()*(-)

()*(.) = Hausdorff dimension ?

• Explanation or just a coincidence ????
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Conclusion and future work

• Much better results with Hammerstein-hysteresis behavioral model 
than with any classical model

• Validation of the model with 3 carriers

• Define some additional measurements to investigate remaining 
differences between model and measurements

• Improve the model for order 5 with 3 carriers
• Measurements at Ku Band with low PIM triplexer
• Transform behavioral model in a physical model
• Apply fractal dimension to other types of physical causes of PIM 

such as roughness of waveguide flanges or micro-strip lines edges
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