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A 2.5-GHz CMOS Full-Duplex Front-End for
Asymmetric Data Networks

Abhishek Kumar

Abstract—Electrical balance-based full-duplex front-end
allows high power operation but has strong tradeoff between
Tx and Rx insertion loss. In this paper, we present a capacitive
bridge-based duplexer for full-duplex operation with tunable
Tx/Rx insertion loss to improve link budget in an asymmetric
data network. Theoretical analysis is done to show that capacitive
bridge-based duplexer can be better than hybrid transformer
in CMOS process. Capacitive bridge architecture is suitable for
insertion loss tunability and this tunability gives an additional
advantage of increasing the range of allowed antenna impedance
for the given balance network. The fully integrated duplexer
with receiver is implemented in a 130-nm CMOS process, and
is capable of handling Tx power of upto +16dBm at antenna.
The prototype chip demonstrates tunable Tx/Rx insertion loss
achieving an overall receiver noise figure of 5.7-7.5dB and a
Tx insertion loss of 3.9-5.6dB. Self-interference cancellation of
>50dB is measured for 20-MHz RF bandwidth in 2.4-2.6-GHz
frequency range.

Index Terms—Full duplex receiver, electrical

balance.

duplexer,

I. INTRODUCTION

AME-CHANNEL full-duplex (SCFD) communication has
attracted significant interest in recent years due to the
potential doubling in data rates [1], [2]. SCFD allows trans-
mission and reception at the same time and same frequency,
differentiating it from traditional full-duplex systems employ-
ing separate frequency bands for transmitting and receiving.
The key challenge in a SCFD system is cancellation of
transmitter (Tx) self-interference (SI). Several integrated tech-
niques have been proposed in the literature for SI cancel-
lation or suppression which can be grouped into two main
categories: (a) partial off-chip SI suppression using multiple
antennas or circulator [3]-[5] and (b) complete on-chip SI can-
cellation [6]-[12]. Electrical balance based duplexers (EBD)
fall in the latter group and allow high power operation, making
them the most practical approach so far among fully integrated
SCFD implementations.
The hybrid transformer [13] is the most popular choice
for EBD due to its simplicity. Fig. 1 shows the equivalent
circuit of the hybrid transformer based duplexer with only the
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Fig. 1. Equivalent circuit of hybrid transformer based duplexer.

primary winding drawn. Receiver (Rx) port of the duplexer is
differential and Tx signal is fed at pre-defined tap point of the
winding. Two parts of the winding are magnetically coupled
to each other so as to offer very low inductive impedance
for the Tx signal, when bridge is balanced. The tap point in
the primary winding of the hybrid transformer decides the
insertion loss in Tx and Rx paths. For symmetrical tapping,
insertion loss is 3dB in both Tx and Rx paths. The transformer
winding tap location is usually fixed at the time of design due
to the additional parasitics and losses involved in making the
tap point tunable.

A dual-band balance network can be used in an EBD to
allow traditional frequency division duplexing [8], [14], [15].
In [14], the fact that different frequency bands are used for
Tx and Rx, is exploited to achieve lower insertion loss (IL)
than that possible in EBD under SCFD operation. Avoiding IL
trade-off in Tx and Rx paths of EBD under SCFD operation
is still an open problem.

Recently, work has been done to use a fixed capacitive
bridge for implementing phase shifter [16] and tunable fil-
ter [17]. In this work, we propose a fully integrated capacitive
bridge based duplexer which allows reconfigurable tap posi-
tion. Using capacitive bridge instead of hybrid transformer
in an EBD can be attractive in CMOS process due to rela-
tively high quality factor of on-chip capacitors compared to
inductors. Also capacitive bridge architecture is amenable to
reconfigurable design which can allow IL trade-off between
Tx and Rx paths or increased support for antenna impedance
variation.

This paper is structured as follows: Section II highlights
the need for insertion loss tunability in full-duplex front ends.
Development of the tunable duplexer along with the asso-
ciated direct-conversion receiver is explained in Section III.
Measured data on the duplexer-cum-receiver prototype, imple-
mented in a 130nm CMOS process, is presented in Section I'V.
Section V concludes the paper with a brief summary.
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Fig. 2. Tunable insertion loss in Tx and Rx paths for asymmetric links.

II. DOWNLINK-UPLINK ASYMMETRY AND FULL-DUPLEX

Data traffic statistics in a wireless communication system
help in understanding pattern of data usage and requirement
by users. It has been found that wireless links with high data
rate are highly asymmetric in terms of inbound and outbound
traffic [18], [19]. Even though the number of packets sent is
almost equal in both directions, the size of each packet is
larger in inbound data.

Higher data rates require more SNR and hence have larger
sensitivity numbers [20]. In other words, the spatial range
of high data rate communication is lower than that for low
data rate systems. In networks with asymmetric data transfers,
improvements in link budgets in the high data rate direction
at the cost of low data rate direction directly lead to increase
the range of communication.

Insertion loss in Tx and Rx paths of a duplexer directly
affects the link budget of a wireless system. In a hybrid
transformer based full-duplex front-end, there is a strong trade-
off between insertion loss in Tx and Rx path. By allowing
variable trade-off between insertion loss in Tx and Rx paths,
it is possible to create, on demand, an asymmetric link where
one direction of communication is favoured at the cost of
the other. This is illustrated in Fig. 2, where the duplexer of
node 1 is tuned to favour its Tx path and that of node 2 is
tuned to reduce loss in its Rx path. This allows high data rate
communication from node 1 to 2 whereas throughput from
node 2 to 1 is reduced due to increased losses and reduced
link-budget. In next section, the proposed capacitive bridge
based duplexer is discussed, and it is shown that the proposed
duplexer allows such a trade-off between insertion loss in
Tx and Rx paths.

III. DEVELOPMENT OF CAPACITIVE BRIDGE BASED
DUPLEXER

A. Electrical Balance Using Capacitive Bridge

Wheatstone bridge is a well known circuit which is based
on electrical balance concept to achieve null in the transfer
function between two ports. In this work, electrical balance is
achieved using capacitance in place of coupled inductance as
in a hybrid transformer [13].

As shown in Fig. 3, C; and antenna (Zasyr) form one
branch of the bridge, while C> in series with Zp4; form
the other branch. In transmitting mode, transmit (Tx) power
divides between the two branches resulting in only part of the
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Fig. 3. Electrical balance using capacitive bridge.
|: C+C,
ZANT”ZBAL
Fig. 4. Equivalent duplexer circui:n transmitting mode under balanced
condition.

Tx power reaching the antenna port. The bridge is balanced
when

ZANnTC1 = ZBarLCa (1)

making Rx port (Vgx) completely isolated from the Tx port.
In this mode of operation, the balanced bridge can be sim-
plified to the transmitter driving an RC series combination as
shown in Fig. 4.

For 50Q port impedance and symmetric bridge scenario,
ZANT||ZBAL 1s equal to 25 Q. Capacitor values for a sym-
metric bridge can be chosen so as to transform this series
resistance into a shunt 50 Q, to aid in RF impedance matching.
Using the above matching condition we obtain following
relationship

1
RaNT

0, Cop = 2)
where C, = C1 = C; for a symmetric bridge, and Ran7 and
, are the nominal antenna resistance and desired angular
frequency of operation respectively. In addition, an external
shunt inductor will be required at the Tx port to absorb
transformed capacitive reactance.

B. Effect of Transformer and Insertion Loss Tunability

Even though the differential voltage at Rx port is iso-
lated from the Tx port under balanced conditions, there is
strong common-mode coupling from Tx to Rx port. Therefore,
a transformer is used to reduce this common-mode coupling
as shown in Fig. 5.

Fig. 6 shows a symmetrical transformer along with the
associated inter-winding capacitances (Cci, Cc2) connected
to the capacitive bridge circuit [21]. This approximate model
of the transformer ignores distributed nature of Cc1-Cca and
winding losses, but is sufficiently accurate for narrowband
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Fig. 5. Transformer added to reduce common-mode coupling from Tx to
Rx.
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Fig. 6. C;B 4z added to compensate asymmetry caused by inter-winding

capacitance of transformer.

operation, and will be used to analyse the effects of asymmetry
introduced in the bridge. We define capacitance ratio k as
= Gy Zant
Ci ZpaL
Also coupling coefficient of transformer is assumed unity with
turns ratio “1:n" as shown in Fig. 6. Under balanced condition,
Vrx = 0 and due to perfect coupling between the windings,
voltage across primary winding is also zero. Capacitive current
due to inter-winding capacitance Cc1—Cc¢> flowing from node
VanT, must be balanced by equal ratio current flowing out of
node Vpr. This can be achieved by placing a capacitor C ,;
in parallel with Zp47 of value given by

3)

C%AL = (CC1 +CC2)[k(}'l—‘r1)—‘r—n_ l] (4)

As seen from Fig. 6, a fraction of the Tx current flows
through transformer winding due to inter-winding capacitive
coupling. However, this current is small compared to that
flowing through the antenna and balance impedance in a
practical design, and is therefore neglected in Tx insertion loss
calculation. Rx path insertion loss depends upon capacitor as
well as transformer loss.

For a lossless EBD, the expression for IL trade-off with
respect to bridge skewing has been addressed in previous
literature [6], [22]. Reference [9] has analyzed various EBD
configurations in the presence of loss. In forthcoming analyses,

Fig. 7. Equivalent circuit in transmitting mode with capacitor series loss to
calculate /L7, for capacitance ratio k.

we include the effect of loss associated with practical circuit
elements and impedance mismatch due to change in k value
to derive IL expression for the proposed capacitive bridge
based duplexer. We will assume that the bridge is always
balanced, transformer inter-winding capacitance is zero and
the antenna has purely real impedance, R4nT, at the frequency
of operation.

1) Insertion Loss in Tx Path: Under balanced condition,
Tx power divides between the antenna and balance impedance
Zpar. Equivalent circuit for Tx excitation case is shown
in Fig. 7. We define Q¢ as quality factor of the capacitances
used in the bridge, with equivalent series losses as drawn
in Fig. 7. Lgxr represents external inductance required to
provide matching at the Tx port in symmetric case (k = 1)
and is equal to

1

— 5
e 5)

Lexr =
Assuming equal variation of capacitances, C; and C, around
C, for skewing the bridge such that C; 4+ C» = 2C, always,
we can write

2

C=——7C 6
1 l+k0 ()

Reflection coefficient at the Tx port, I'7,, depends on fre-
quency and k. We assume I'7, to be equal to its value at w,
in the operating frequency range and write its magnitude as

l—k‘

(N

Irel = |——
|Tx| ‘34—](

Now, Tx path insertion loss (I Lty) including mismatch loss
is given by

IL7, = 10log;o(1 — [T74 %)
+10logy, [(1 +k) (1 + L)}
Re{Z ant}

Using (7),

1-k\*
ILT)C = 1()10g10 1 - m

1
+10log,, [(1 + k) (1 + m)} ®
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Fig. 8. (a) Duplexer circuit with lossy components. (b) Simplified circuit
with only resistance for NF calculation as reactive components are assumed
to be tuned out.
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Fig. 9. Plot of 1Ly, versus NF trade-off by changing capacitance ratio k
using (9) and (10) (Q¢ =20, Rcp||R7p = 250Q).

Using (2) and (6), we can re-write (8) as

IL 101 1 L=k)?
= (0] —_ _—
T £10 34k

+101lo [(1 + k) (1 + ﬂ)] )
£10 20¢

2) Duplexer Noise Figure: In an integrated duplexer with
receiver, Rx port need not be power matched [7]. Hence,
we will analyse duplexer loss in the Rx path in terms of
noise figure (NF) rather than insertion loss. NF is derived
in the presence of transformer, and its coupling coefficient
is assumed to be unity. Fig. 8a illustrates the duplexer circuit
along-with component losses. In receiving mode, the transmit-
ter can be excluded from the circuit for NF calculation, as it is
isolated from the receiver and hence does not cause any loss
in Rx path. Capacitances C1, Cy and Cyy,e are assumed to
resonate with the self inductance of the transformer, resulting
in the equivalent circuit of Fig. 8b. Here, Rcp and Rrp are
equivalent parallel loss of capacitors C; — C» and transformer
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Fig. 10. Hybrid transformer based EBD in transmitting mode with winding
series loss to calculate /L7, for bridge skewing ratio k.
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Fig. 11. Optimum design found by plotting NF+IL1y for different series loss
(Rgs). Rg is primary winding resistance and total equivalent series resistance
for hybrid transformer and capacitive bridge case respectively.

respectively. Thus, we can write

(I Fa 2
k k

In a capacitive bridge based duplexer, capacitance ratio (k)
can be made tunable by using digitally tuned capacitor banks
in place of fixed capacitors. As shown from simulations
in Fig. 9, the transmitter path is favoured for low values of k,
while receiver noise figure improves for high values of k.
This trade-off can be taken advantage of in communication
links with asymmetric data rate requirements. It is important
to note that the matching conditions at Tx and antenna ports
also depend upon k, and should be dealt with at the design
stage.

RanT

NF = 10log;q (10)

RcpllRTp

C. Comparison With Hybrid Transformer

A hybrid transformer with series winding loss (Rg in each
winding) in Tx mode is shown in Fig. 10. Assuming perfect
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transformer coupling, the Tx path IL (/L7 g) is given by

ILTX,H 1010g10 [(l + k) (1 +

ez
(I +k)Re{Zant}
kRg
(11D
RANT
NF expression in a hybrid transformer (N Fy ) based EBD is

similar to (10), with the exception that there is no capacitance
loss

NFy = 101 1l (4] " Rar (12)
= (0] — —
H 210 X X Rrp

where Rrp = (1 + Q%ND)RS/Z, Qnp is the quality factor
of the transformer winding.

We can obtain similar /L7, and NF expressions for the
capacitive bridge based duplexer by defining series loss Rg =
Rci1+ Rci/k. Fig. 11 is obtained by varying series loss (Rg)
independently for the two cases under these practical condi-
tions: Q;np = 10, Qc = 20. Optimum hybrid transformer
found by varying Rg is used as balun in the capacitive bridge
case (Fig. 11). The best-case value of Rg is found to be 14 Q
and 4Q for hybrid transformer and capacitive bridge case
respectively. In a hybrid transformer, Rg value needs to be
high to prevent NF degradation but this results in high loss in
Tx path. The capacitive bridge based duplexer allows lower
Rg value since higher Q¢ ensures good NF. The transformer
in the capacitive bridge case can be designed for higher Rrp
without worrying about Tx path IL.

D. Full Duplex System Level Considerations

Tx-Rx isolation and linearity are the main challenges in
a full duplex communication system. In this work, IEEE
802.11a/g standard [20] for 20MHz channel is used to demon-
strate full duplex operation. For 54Mbps data rate with 10%
packet error rate, minimum signal to noise ratio (SNR)
required at the receiver, SN R;;in, is equal to 18.3dB. The stan-
dard also requires a sensitivity (Pyense) of -65dBm, and max-
imum transmitter power at antenna (Py,,7y) of 16dBm. For
full duplex operation, residual transmitter power at the receiver
after cancellation should ensure minimum SNR requirement
even in the worst case scenario. Specifications for the full
duplex system are obtained assuming the receiver noise is
sufficiently low, and the SNR is limited by self interference
only.

Let 1SO7 gy be the total isolation between transmitter and
receiver. Using numbers derived from the IEEE 802.11a/g
standard, we can write

Panirx + IL7x — ISOTxRx < Psense — SN Rpin
ISOTxRx > Panttx + ILTx — Psense + SN Rinin
ISO7 gy > 16 +3 — (—65) 4 18.3
ISOrxry > 102.3dB
Here, I L7, is assumed to be equal to 3dB. Self interference
must be sufficiently cancelled so as to be within the dynamic

range of ADC (analog to digital converter), so that further
cancellation can be performed in digital domain [2]. Assuming

Cmatch Lbond

To Antenna To chip

CSM?___‘—:M:W
- TLPCB

Fig. 12. Equivalent model of signal path between chip and antenna.
(Extracted values from ADS simulation and board measurement: Cpqq =
250 fF, Lpona = 0.8nH, Cpoara = 450 fF, Cpatch : 2 pF with SRF =
5.6GHz, TLpcp : Zo = 42Q with pl = 45° @ 25GHz, Csppa =
430 fF.)

an allowed signal dynamic range of 50dB at the input of the
ADC, an isolation of 52.3dB (ISOgF) needs to be achieved
in the RF and analog domains.

Presence of a high-power transmitter signal poses stringent
linearity requirements on the duplexer. Handling non-linearity
in an SCFD system is an ongoing area of research and previous
approaches have tried to improve the inherent linearity of the
duplexer [10], [23], [24] or cancel the non-linear components
in digital domain [25]-[27]. This work is not focussed on
dealing with non-linear components generated by duplexer and
we will assume that any non-linear component received within
ADC dynamic range can be cancelled in digital domain.

Sources of non-linearity in the duplexer are switches in tun-
able capacitance of bridge and R-C bank of balance network.
In a symmetric bridge (k = 1), non-linearities of C; and C»
cancel each other at Rx port. But when the bridge is skewed
(k #1), non-linear components of C; — Cy become important.
Required IIP3 values of C; — C; and balance network to keep
third-order intermodulation components from these elements
within ADC dynamic range are derived in Appendix A.

Non-linearity of the receiver is not considered since it is
designed to handle input power of —30dBm, which is higher
than the maximum leaked Tx power.

E. Design of Balance Network and Balun

The balance network resides on silicon chip while the
antenna port is available only on printed circuit board (PCB).
Antenna pad on the chip is connected to package pin through
a bond wire, followed by a PCB trace that connects to the
antenna port. Parasitics involved in the path from chip pad to
antenna port have considerable impact on duplexer isolation
bandwidth because of their frequency dependent impedance.
The on-chip balance network can exactly match the antenna
impedance transformed by these parasitics only at specific
frequencies depending on available degrees of freedom.

The signal path between chip pad and antenna port, based
on the package and board used in this work, is shown
in Fig 12. Package parasitics are estimated using simulation
in ADS software while board parasitics are extracted from
PCB measurements. Cpaq, Cpoara and Lpouq represent on-
chip pad capacitance, pin capacitance on board and bond-
wire inductance respectively. PCB routing is modelled by
transmission line T Lpcp and Cspr4 captures capacitance due
to discontinuity at the SMA connector. Cy,4¢ch, 1 the matching
capacitor added in the antenna path so as to transform 50
resistance at antenna SMA port to a capacitive impedance
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Fig. 13.  Layout of 2:3 balun used to reject Tx common-mode and back-end
metal stack.

TABLE I
BALUN SIMULATED SPECIFICATIONS

1.6nH
LSeconda'ry @ dc 3nH
QPrimary @ 2.5GHz 8.9

LP'rimary @ dc

Qseccondary @ 2.5GHz 11.5
Coupling coefficient, k @ dc 0.78
Self resonance frequency 5.8 GHz

when looking from the chip side. This allows balance net-
work to be capacitive in nature and saving area compared to
inductor-based implementations.

Balun is used to eliminate common-mode coupling in the
duplexer. A symmetric octagonal 2:3 turns-ratio spiral struc-
ture is used for on-chip balun implementation, as illustrated
in Fig. 13. Top metal (MS8) is stitched with Al redistribution
layer (AP) to increase quality factor. The balun is simulated
in EMX software and the extracted parameters are shown
in Table L.

The balance network used in the bridge circuit needs to
be tuned so as to track changes in antenna impedance for
maintaining high isolation. The balance network is designed
with two degrees of freedom to match antenna impedance at
one frequency. This is implemented using digitally controlled
parallel resistor and capacitor banks as it provides orthogonal
control resulting in simpler control algorithm implementation.
Relevant circuit details are discussed in the next sub-section.

F. Design of High Linearity Switched RC Banks

The duplexer is required to support 16 dBm power at the
antenna with a peak-to-average power ratio (PAPR) of around
10dB. To accommodate this maximum power at the antenna
with modulation, the duplexer needs to support a voltage swing
of 6.3V at the balance impedance (26 dBm power through a
50Q load). The bulk CMOS process used for the proposed
implementation supports MOS devices capable of handling
voltages up to 3.3V.

1) Switched Resistor Bank: NMOS devices in series with
polysilicon resistors are used to implement the digitally
controlled resistor bank (Fig. 14a). To support a signal
amplitude of 6.3V, two 3.3V NMOS devices are stacked.
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Fig. 14. (a) One element of resistor bank. (b) One element of capacitor bank.

Their gate-body terminals are biased through a high resistance
(Rpign) so that voltage between any two terminals of the
NMOS device stay within rated values when a high swing
signal is applied [8]. Deep N-well devices are used to access
the body terminal. Feed forward capacitors (Crr1 — CrF2)
are added between gate-drain of top NMOS and gate-source
of bottom NMOS devices to prevent the switch from turning
“ON" in “OFF" state even in the presence of a signal swing
of 6.3V [28], [29]. Body bias is kept at -2V to ensure that
the body drain-source junction is always reverse-biased. Gate
voltage of 3.6V is used to turn “ON" the switch. Product
of “ON" resistance and “OFF" capacitance of the switch,
RonCorr, is 1.8ps. The resistor bank has 8-bit control to vary
the resistance from 21 Q to 45 Q with sufficient resolution.

2) Switched Capacitor Bank: As shown in Fig. 14b, two
NMOS devices are stacked between two metal-insulator-metal
(MIM) capacitors to form one switched capacitor element.
Splitting the capacitor into two units allows the stacked NMOS
devices to be biased independent of signal reference potential.
Similar to the resistor bank, deep N-well NMOS devices are
used and the gate-body terminals are floating. But in this case,
the source-drain nodes are biased at supply voltage in “OFF"
state and ground voltage in “ON" state. This allows it to
support high voltage swing without the possibility of switch
turning "ON" in “OFF" state. Similar approach has been used
earlier to improve switch linearity [8], [30]. Like resistor bank,
these switches are also turned “ON" using 3.6 V gate voltage.
Three separate capacitor banks are used in the duplexer: one
7-bit capacitor bank with a 0.38 pF to 1.2 pF range is used in
the balance network circuit, while two 4-bit capacitor banks
with 1pF to 2pF range are used to implement the tunable
capacitors of the capacitive bridge.

Linearity of the switched resistor and capacitor banks
is simulated using the technique mentioned in [31], as the
foundry-provided BSIM3v3 models have simulation issues
around drain-source voltage Vps = 0 operating region.
Details of IIP3 calculation and simulation result are present
in Appendix A.

G. Antenna Impedance Range

(3) can be rewritten as

ZANT =kZpaL
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Fig. 15. Duplexer simulated in the presence of board and package parasitics.
Area covered under blue dots represents the antenna impedance which can be
balanced at 2.5 GHz for different values of capacitance ratio (k). Green circle
is drawn for VSWR=1.5:1.

In this case, we can say that variation in antenna
impedance can be tracked either by changing balance net-
work or k or both. Hence, a tunable bridge ratio can allow
antenna impedance range to exceed the range of balance
network impedance but at the cost of reduced flexibility to
trade-off insertion loss in Tx and Rx paths. Fig. 15 shows
simulated smith chart plot representing antenna impedance
that can be balanced for different k values at 2.5 GHz, in the
presence of board and package parasitics. The region bounded
in red (Fig. 15) represents antenna impedance values that can
be balanced for k values of 0.5, 1 and 2.

It is important to note that by changing k values, antenna
impedance range has increased considerably and antennas with
VSWR<1.5:1 can now be balanced which is more than the
range supported by balance network. However, all antenna
impedance values do not allow equal insertion loss trade-off.
Fig. 16 shows antenna impedance values that can be balanced
at 2.5GHz for 12 different k values (lower number of k
values have been chosen for plot clarity) plotted using semi-
transparent red colour. Multiple overlapping of plots make the
region darker in colour. Darker regions in Fig. 16 represent
better insertion loss trade-off.

H. Complete Duplexer With Receiver

The proposed duplexer in conjunction with a direct conver-
sion receiver is shown in Fig 17a.

1) Low-Noise Transconductance Amplifier (LNTA): A sin-
gle ended LNTA is used to convert the received input voltage
into a current that drives the passive mixer. The LNTA has
inductive source degeneration which improves linearity and
also provides real part to the input impedance helping in
antenna port matching. It is optimised for noise match instead
of power match similar to [7], and a cascode element is added
for better stability. The LNTA draws 10 mA current from 1.2V
supply and provides a transconductance of 150 mS.

2) LO Generation and Passive Mixer: An external source
provides differential clock running at twice the desired LO
frequency. A clock buffer is used to reject common-mode

j0.2

-j0.2

Fig. 16. Antenna impedance which can be balanced in simulation at 2.5 GHz
for 12 different k values is plotted using semi-transparent red colour. Dark red
region formed by overlapping of multiple plots represent antenna impedance
which allow better insertion loss trade-off.

in the input clock and drive master-slave latch based divide-
by-2 circuit that also generates quadrature LO signals [32].
Digital logic is employed to obtain full-scale 25% duty cycle
LO signals to drive quadrature passive mixer, which downcon-
verts the single-ended LNTA output into differential I and Q
baseband signals [33]. An AC coupling capacitor at the LNTA
output allows the mixer switches to be biased at the baseband
filter common-mode voltage. Overall mixer conversion gain
of 0.22 is achieved.

3) Baseband Filter: A single pole active filter is imple-
mented using two stage operational transconductance ampli-
fier (OTA). Class-AB output stage is used to support high
output swings similar to that in [34]. The filter is designed
to process 10 MHz baseband signal and drive 10pF off-chip
load. It provides a tunable transimpedance of 280 — 610 Q.

IV. MEASUREMENT RESULTS

The duplexer with receiver is implemented in a CMOS
130nm process, occupying an active area of 0.73mm?. Die
photograph is shown in Fig. 17b. The die is packaged in
a plastic-moulded thin QFN40 package and soldered on a
4-layer PCB for measurement. RO4350B material is used for
the top dielectric of the PCB as it has lower loss at high
frequencies and more controlled dielectric constant compared
to the commonly used FR4 substrate.

Measured Tx-Rx isolation of the duplexer between 2.4 GHz
and 2.6GHz is shown in Fig. 18. Capacitance ratio (k) is
kept equal to 1 for this measurement. The duplexer achieves
50dB isolation bandwidth of close to 20MHz, and the mean
isolation in 20 MHz channel is always greater than 55dB. The
trade-off between /L1, and Rx NF is verified by varying
the capacitance ratio at 2.5 GHz, and the measured results are
shown in Fig. 19. Compared to the nominal k value of 1, tuning
it at the two communicating nodes can improve the link budget
in one direction of communication by 1.5dB. By increasing
balance network range, more aggressive insertion loss trade-
off is possible.
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Fig. 18. Measured Tx-Rx isolation with 50Q SMA termination at antenna

port. Capacitance ratio (k) is kept equal to 1 for the above measurement.

Linearity measurement of the duplexer is very challenging
due to the stringent IIP3 requirement, which even exceeds
the linearity specifications of the measurement equipment.
Two sources 1 MHz apart are used to generate the two tones
for 1IP3 measurement. Output of the two sources are passed
through two circulators and combined using a Wilkinson
Bridge. This setup provides atleast 40dB isolation between
the two sources, preventing any inter-modulation there. Atten-
vation and bandwidth settings of the spectrum analyzer are
set to achieve IIP3 of the measurement setup to be greater
than +58 dBm. Using this measurement setup, the IIP3 of the
duplexer at 2.5 GHz is found to be +51dBm for Tx input and
antenna output, as depicted in Fig. 20.

Fig. 21 shows the baseband output when two 0.1 MHz
spaced 16dBm tones are applied at Tx using the above
measurement setup. For 25dB Rx gain, the overall Tx-Rx
isolation achieved including non-linear components is around
19417.54+25=61.5dB.

The IIP3 of the complete receiver at 2.5 GHz with 25dB
gain is measured to be —4dBm, as indicated in Fig. 22. The
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(a) Proposed capacitive bridge duplexer based full duplex receiver operating in 2.4 GHz to 2.6 GHz frequency range. (b) Die photograph.
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Fig. 19. Measured and simulated ILTx, Rx NF when capacitance ratio (k) is
varied at 2.5 GHz for 50Q antenna impedance. Tx-Rx isolation is better than
50dB at all points.

gain of the receiver is greater than 25dB in the 2.4 GHz to
2.6 GHz frequency range, as presented in Fig. 23. The noise
figure varies between 6 and 7dB while the Tx insertion loss
is around 5dB. Measured return losses at the antenna and
Tx ports for 0.63 < k < 1.17 are better than 10dB when
bridge is balanced at 2.5 GHz (Fig. 24).

Triple Beat Ratio test is performed to check the receiver
performance in the presence of a continuous wave -30dBm
in-band blocker. Power of two in-band Tx tones are varied
and the measured ratio between blocker and triple beat power
at the Rx port is plotted in Fig. 25.

The receiver draws total of 54.3 mW including LO buffers.
LNA and baseband filter are supplied by 1.2V while divider
and LO buffers are powered by 1.34V supply for achieving
operation till 2.6 GHz.

Table II lists key performance metrics of this duplexer
along-with state of the art implementations from recent lit-
erature. This is the only work in authors’ best knowledge
which implements tunable Tx/Rx insertion loss. Maximum
power is limited to around 16 dBm in this work mainly by the
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TABLE II
PERFORMANCE SUMMARY AND COMPARISON WITH STATE OF THE ART ELECTRICAL BALANCE BASED DUPLEXER
Darabi Abdelhalem Elkholy Van Liempd This
Specifications TCAS’11 [6] [7] | TMTT’14 [8] | TMTT’16 [9] | TMTT 16 [10] work
Technology (CMOS) 65nm 90nm 0.18 um 0.18 pm SOI 0.13 pm
Antenna impedance (VSWR) 5092 <2:1 <1.3:1 <1.5:1 <1.5:1%*
Frequency range (GHz) 1.5-2.1 1.7-2.2 1.6-2.2 1.9-2.2 2.4-2.6
Tx-Rx isolation (dB) >50 >50 >50 >50 >50
Is Tx/Rx insertion loss tunable? No No No No Yes
Rx cascaded NF (dB) Sk 6754 6.5%:* 39 5.7-7.5%:%*
Tx insertion loss (dB) 2.5 4.5 3.2 3.7 3.9-5.6
NF+IL1y (dB) 7.5 11.2 9.7 7.6 11.1-11.4
IIP3 Tx-Antenna (dBm) N/A N/A 45.7 70 51
Max. power at antenna (dBm) 12 27 22 27 16
Area (mm?) 0.1 (w/ LNA) 2.2 (w/ Rx) 0.35 (w/ LNA) 1.75 0.73 (w/ Rx)
*Cap ratio can vary.
**With LNA.
*#%With LNA+Mixer+BBF.
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non-linearity of resistor bank used in balance network which
can be improved by employing high linearity capacitor bank
based balance network as in [8] and [10]. Darabi et al. [6] and
Mikhemar et al. [7] used autotransformer resulting in compact

Tx and antenna ports measured for Tx-Rx isolation > 50dB and k=I.

area but low power handling capability. Reference [8] used
fully differential implementation achieving high common-
mode isolation and high linearity of balance network. Refer-
ence [9], [10] and this work uses single-ended LNA alleviating
problems related to common-mode coupling.
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Fig. 25. Triple beat ratio for -30 dBm continuous wave 2.50307 GHz blocker
at Rx port. Two tones 10kHz apart around 2.502 GHz are applied at Tx port.

The CMOS process used in this work provides relatively
thinner top copper metal with no bar-via for inductor design
when compared to other works. Also there is a restric-
tion in the current process limiting inductor size to within
320umX320um square. Above mentioned constraints have
resulted in increased balun loss which is evident from high
cascaded NF when compared with other work. /L7, in this
work is also on the higher side despite using capacitor bridge
based EBD because of loss in capacitor switches. It is possible
to reduce switch loss and improve /L7, by using capacitor
bank architecture similar to the one demonstrated in [10].

V. SUMMARY

Electrical balance based duplexers are very attractive for
high power operation in CMOS technology, but they suffer
from strong insertion loss trade-off between transmit and
receive paths. In this work, we have presented an electrical
balance based duplexer with tunable insertion loss allowing
link budget gain under dynamic data traffic scenarios. It is
also shown that this extra degree of freedom can be used
to increase the range of antenna impedance that can be
balanced.
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Fig. 27. Effect of balance network non-linearity on Rx output.

Theoretical analysis is performed to show that a capacitive
bridge based duplexer can be better than a hybrid transformer
in CMOS technologies, and is amenable to a reconfigurable
architecture. Measurement results are presented on a reconfig-
urable capacitive bridge based duplexer and receiver prototype
chip fabricated in a 130nm CMOS process for proof of
concept.

APPENDIX
I1IP3 OF C; — C2 AND BALANCE NETWORK

Fig. 26 shows non-linear current /.,,,, across Cy that models
intermodulation current generated by C; when two closely
spaced tones of power Pr, are applied at the Tx port [35],
[36]. Assuming all components are lossless and the capaci-
tances are tuned by balun inductance, we can write Rx output
voltage due to I.,,,; using reciprocity theorem as

VRxius = Icius ZANT

I¢;,, 1s fundamental component of Tx current flowing through
C; (Fig. 26). Then fundamental component of Tx voltage
across the antenna is

VanT sy = Lepun ZANT

The above voltage signals Vgy,,,; and Vanr,,, are converted
to power levels in dBm using a reference impedance of 50Q
to obtain Pant;,, and Py, respectively. Power of the
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intermodulation component received at the Rx port should be
within the ADC dynamic range, implying that

Pry;ys < Prx —3 —ISORF

PaNTfu — PRxjys > ISORF,  (PANT},, = Prx—3)
I1SORF

2

where I1P3¢ is IIP3 of C;j referred to the antenna port.
Using numbers derived from the IEEE 802.11a/g standard,
we get

I1IP3¢c > PANTfW, +

52.3
IIP3c > 16 -3+ N =39.15dBm

I1P3¢,, > 42.15dBm

where I1P3c, is required Tx-referred IIP3 of the bridge
capacitance Cj.

Non-linearity of the balance network couples to Rx in the
same way as the received signal (Fig. 27). Therefore, IIP3 of
the balance network should satisfy following condition:

ISOgF — 6
1IP3g41 > Pr, —3+%
5236

IIP3g4. > 16 =3+ '2 =36.15dBm

II1P3garLy, > 39.15dBm

where II1P3gar,, is required Tx-referred IIP3 of the bal-
ance network. From simulations, I/ P3¢, and I1P3par,,
are found to be 57dBm and 37.6dBm respectively.
I1P3par,, 1s limited by switched resistor bank of balance
network.
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