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An electrical-balance duplexer (EBD) is a tunable RF front-end concept that seeks
to address several key challenges of 4G and 5G mobile systems [1]. The basic
principle is shown in Fig. 20.8.1. Duplexer isolation is achieved when the signals
in paths 1 and 2 cancel and prevent the TX signal from appearing at the RX port.
This cancellation is achieved by “balancing” the antenna impedance ZANT with an
on-chip tunable impedance ZBAL.
In frequency-division duplex (FDD) mobile applications, ZBAL is the most
challenging and critical sub-block in an EBD design. FDD TX and RX channels are
always at separate frequencies, and ZBAL must be able to balance the antenna at
both, simultaneously. Moreover, the antenna impedance varies over time due to
user interaction, and must be tracked by the balance network.
Previous EBD works report large isolation bandwidths, often spanning across
both the TX and RX channels. This seems to suggest that dual-frequency tuning
has already been solved. But these claims are highly misleading for two reasons.
First, the isolation bandwidth is determined by both the impedance profile of ZBAL
and the antenna. If the impedance used for ZANT is not realistic (e.g. a fixed 50Ω)
then the measured isolation bandwidth is meaningless. Second, it is the worstcase scenario that we are most interested in knowing, not the best-case. The
antenna impedance varies due to user interaction, and ZBAL must be able to
synthesize a balancing impedance for any possible scenario within this range of
variability. It is not sufficient to generate a large range of impedances at TX and
RX frequencies. One must be able to generate any TX impedance simultaneously
with any RX impedance. To date, there is no work that has taken these two
considerations into account, and, as a result, the tuning range and isolation
bandwidths reported often say very little about practical performance. Although
several works demonstrate dual-frequency balancing for selective cases [2,3],
none do so in a way that is general enough to actually solve the problem. In this
paper, we present one such FDD-capable balance network, compliant with all LTE
bands in the 0.7-to-1GHz range.
Figure 20.8.2 introduces an approach that addresses the key challenges
mentioned above. The main idea is to have a portion of the network that only
influences the impedance at one frequency. This is accomplished by using an
allpass tunable front-end impedance block, followed by a narrowband filter and
terminated with a variable-bandwidth back-end block. If the filter is configured to
have a passband at f1 and stopband at f2, tuning the back-end block only influences
the network input impedance at f1. By contrast, adjusting the front-end of the
network influences the impedance at f1 and f2. The benefit of this is two-fold. For
one, it makes full coverage possible, since each ZBAL(f2) that can be synthesized
by the front-end is associated with an entire range of ZBAL(f1) that can be
synthesized with the back-end. Second, it dramatically reduces the tuning
complexity, since we can first synthesize ZBAL(f2) using the front-end control knobs
and then independently synthesize ZBAL(f1) with the back-end knobs.
Figure 20.8.3 provides two specifications that can be used to describe the “full
coverage” dual-frequency tuning capability of an EBD (or ZBAL alone). RegionTX
specifies the impedance region in which the network can synthesize any
impedance at fTX. RegionRX specifies the area around any ZBAL(fTX) within regionTX
for which any impedance at fRX can be synthesized concurrently. We choose this
criteria because the antenna impedance is expected to change (w.r.t. frequency)
on the complex plane from ZANT(fTX) to ZANT(fRX) in an unknown trajectory and at
some unknown rate of change that is limited by the Q of the antenna. RegionRX
thus relates the balance-network tuning capabilities to the maximum antenna Q
that it can reliably operate with. This rate of change relative to ZANT(fTX), given in
%/MHz (chosen w.r.t. some fref), describes the underlying behavior of the system
irrespective of the specific TX/RX channel spacing, allowing a single specification
to be used for many bands.
In Fig. 20.8.4 we present an LC-ladder topology that implements the concept of
Fig. 20.8.2. Due to the broad range of supported frequencies that we target and
the limited Q of actual components, we find that the three conceptual blocks are
most efficiently implemented in a distributed manner. Rather than having a
dedicated filter block, the filtering gradually accumulates with each successive
ladder stage in the network. To ensure that the filtering provides a consistent
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pass/stop characteristic, the component values in the front stages of the network
are chosen such that all resonances are above 1GHz. This guarantees that the
filtering action is always lowpass in nature in the 0.7-to-1GHz range for any
possible setting. By contrast, the component values of the back-end stages are
chosen such that in-band resonances can occur for some network settings but
lie out-of-band for others. This is critical for generating full coverage.
Determining the required degrees of freedom and the appropriate component
values for the network is non-trivial. At the core of the effort lies a unique
simulation tool that we have built for the task. Unlike conventional simulators, it
describes the circuit as a hierarchy of closed-form symbolic n-port equations.
With such an equation describing ZBAL, we can rapidly simulate billions of different
network settings in a matter of hours. This brute-force approach allows us to both
quickly visualize the tuning capabilities of the network during design and fully
validate it prior to fabrication.
The frequency-dependent tuning range of the network (regionRX) is maximized by
maximizing the overall Q of the network. Yet, we wish to synthesize impedances
in the vicinity of 50Ω. These opposing goals are satisfied by using a large number
of high-Q reactive components in the network, which, in total, contain enough
distributed parasitic resistance to synthesize 50Ω. The digitally tuned capacitors
of the network are comprised of banks of a unit-capacitor structure CU, depicted
in Fig. 20.8.4. In order to withstand large voltages that are present in the EBD
under full-power operation, six SOI NMOS transistors are stacked to form each
switch. Additional drain-source MIM capacitors are added to improve the
equalization of AC voltages across the stack, at the cost of slightly reduced
CON/COFF ratio.
The balance network is fabricated in a 0.18μm RF SOI CMOS technology, with an
active area of 8.28mm2. For all measurements, the de-embedded reference plane
lies at the input pads (see die micrograph of Fig. 20.8.7). Figure 20.8.6
summarizes the performance, valid for all 10 LTE bands in the 0.7-to-1GHz range.
Validation is conducted by iteratively programming 1.85 million random network
configurations into the chip and analyzing the resulting S11 dataset. For this
design, a 1.1:1 VSWR region is chosen for regionTX based on the assumption that
there is an antenna tuner available that is capable of this level of accuracy (Fig.
20.8.1). While a much larger regionTX VSWR is available, as shown in Fig. 20.8.6,
it comes with a trade-off in the size/shape of regionRX. Four noteworthy regionRX
visualizations are plotted in Fig. 20.8.5. The black circles represent the regionRX
boundary. Figure 20.8.5a is LTE band 5, and Fig. 20.8.5b is an inverted LTE band
5 with fTX and fRX swapped. This comparison demonstrates that a similar tuning
coverage occurs for either ordering of fTX and fRX. Figure 20.8.5c is LTE band 14
(30MHz TX/RX band spacing) and Fig. 20.8.5d shows the impedance
characteristics when the TX/RX spacing is increased to 100MHz for a nonstandard band. This demonstrates that the network generates fully filled regionRX
areas that scale in diameter relative to both the TX/RX channel spacing and
absolute frequency location.
A custom tuning algorithm that exploits the network orthogonal-tuning
functionality has been implemented. It is systematically tested across the entire
regionTX and regionRX areas for all 10 LTE bands. The algorithm finds a solution
with ≥40dB matching (at both fTX and fRX) in 479 trials on average, with σ = 605,
median = 259, and max = 4304. This accuracy is only limited by the finite
resolution of the tunable capacitors and can easily be improved in future designs.
The only input to the algorithm is the magnitude of impedance balancing at fTX
and fRX.
This work provides a solution to the essential EBD challenge of dual-frequency
impedance balancing and tracking. When integrated into an EBD, it enables reliable
FDD duplexing with actual antennas in real world environments.
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Figure 20.8.1: Tunable electrical-balance duplexer (EBD).

Figure 20.8.2: Dual-frequency impedance-synthesis concept.

Figure 20.8.3: Specifications for describing dual-frequency coverage.

Figure 20.8.4: Balance network topology and design details.
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Figure 20.8.5: Dual-frequency tuning range (regionRX) for 4 cases.

Figure 20.8.6: Performance summary and single-frequency tuning range.
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Figure 20.8.7: Die micrograph of the dual-frequency balance network.
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