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Novel Active Differential Phase Splitters
In RFIC for Wireless Applications
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Abstract—Two novel active differential phase splitters have V.
been designed and fabricated in a GaAs MESFET process. The DD
new circuits employ a concept of feedback to adjust gain and —l—
phase unbalance separately and accurately. The active phase |

|
splitters feature simplicity, low power supply, and wide-band
R, vol R

performance. The circuits can provide £1 dB and 180+ 1°

differential signals within 4-GHz bandwidth, well covering the p O
frequency range currently used for dual-band commercial wire-
less communications. In narrow-band application, more accurate
balanced differential signals can be achieved by external tuning. D2 4——0O

V.
Index Terms—Baluns, differential amplifiers, MMIC’s, MMIC n

phase shifters, phase shifters. 1 Sl T2
+ s | l, . \\I | s +

I. INTRODUCTION 1 ‘Lo
: : vgs vgs2
IFFERENTIAL phase splitters (or baluns) are basic cells - -

required in microwave components such as balanced

mixers, multipliers, and phase shifters. An ideal differential
phase splitter will generate a pair of differential signals which
have balanced amplitude and phase (0 dB gain difference and
18C° phase difference) from a single input.

I_n RFIC there are passive and active differential phags_%_ 1. Differential amplifier as phase splitter.
splitters or balunsL.C networks can be used for narrow-band
passive baluns; microstriplines can be used for wide-band pas-
sive baluns [1]. However, the spiral inductors, MIM capacitor§iC current. For accurate results beyond 2 GHz, the application
and microstriplines in RFIC are too expensive due to the®f the single FET circuit is questionable.
larger physical size at lower microwave frequencies. ThereThe common-gate common-source (CGCS) circuit provides
are three categories of active balun circuits normally employégual amplitudes split with 180phase difference [4], [5].
in lower microwave frequencies for wireless communication# this configuration, the ac coupling capacitance and bypass
single FET circuits [2], [3], common-gate common-sourceapacitance need to be adjusted separately to optimize at a
circuits [4], [5], and differential amplifier circuits [6], [7]. specific frequency to achieve balanced differential signals.

The single FET active circuit is only useful at low frequenTherefore, this configuration is only good for narrow-band
cies. At higher frequency range, the circuit is limited by thapplications. The gain and phase differences at 1.67 GHz from
imbalances caused by the parasitic capacitance of the FHEis configuration are around 0.5-2 dB and 177-18@e to
The best result obtained from this type of structure is 1 diBe process variation and asymmetric signal path.
and 1768 at 950 MHz [3]. To make it applicable at higher The differential amplifier circuit is shown in Fig. 1. Ideally,
frequency, a sophisticated imbalance cancellation technighés circuit will provide equal amplitude (or gain) and £80
was used to improve the performance beyond 1 GHz [3hase difference. However, due to the finite impedance at node
It had 1 dB amplitude difference and I7phase difference S1 caused by strong parasitic at high frequency, the gain and
(—8° unbalance) from 700 MHz to 1.7 GHz. However, th%hage balance are poor.
tradeoff was the increase of circuit CompleXity, die area, andAn active device is often used as the current source.
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(a) Circuit diagram of the simple differential pair with a biasing resiBtorand (b) simulated gain and phase differences versus frequency for circuit (a).

(b)
Fig. 2.

In [6], the active current source was replaced by an inductor
to increase the impedance of S1 at high frequencies. When
an ideal inductor with unlimited value (dc through and ac
block) is used as the current source, excellent results can be

obtained. However, this extra large ideal inductor is not viable \ | Vor

to be realized on-chip. An 8.6-nH on-chip spiral inductor that /1 |
occupied the die area of 258 250 pm? is used in our Co N Vo2
simulation. This circuit obtained 1 dB gain difference and°175 /1 Ro
phase difference at 7.5 GHz, at other frequencies, the gain |

and phase balance are poor. Therefore, it is only applicable RFé Ro

for narrow-band applications. Bigger spiral inductors which ,,.
have lower self-resonant frequencies can be used for phase”
splitters with lower application frequency but they occupy g
even more die area. Therefore, this topology is not suitable
for RF communication applications where the frequencies are
now generally below 2 GHz.

In many cases, a biasing resistéis is used instead as
shown in Fig. 2(a). For the differential amplifier pair, the
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input ac signaks;, will be divided into two partsy,,; across Fig. 3. Circuit 1, the differential phase splitter with a serig®R feedback

gate and source of T1 and,,» across source and gate ofbalancing circuit.
T2. Suppose T1 and T2 have the same common source input

impedancez, and thenwv,s; and v,s> have the following was invented [7], where complicated compensation circuits

relation; make the balun design more difficult and some compensation
v circuits consume more power.

gs2 . .
Uin = Vgsl = Ugs2 = In contrast to the approaches mention above, this paper pro-
gs1 poses two novel circuits [8]. Section Il describes the proposed
- R*_//7 = i (1) novel phase splitter circuits, Section Il presents the simulation

z Bs + 2 and measurement results, and Section IV gives conclusions.
Equation (1) shows that wheRs — 00, vg51 = —vgs2 =

v /2, the output signals must be balanced, and this is the

Il. CIRCUIT DESCRIPTION

low frequency case with an ideal current source at the bottom.The two novel active differential phase splitters proposed
When Rg — 0, —v,.2/v4,1 = 0, which meansv,,o = 0 here use a concept &iCR feedback to adjust gain and phase
and vgs1 = wvin, NO input signal reaches T2 at all. In theunbalance separately and accurately. In the feedback circuit, a
general casejvgs1| > |vgs2| and their phase difference istunable resistor can be realized by using a MESFET to tune the
not 180, therefore their output signals are not balanced, saabalance caused by the process variations. The circuits were
Fig. 2(b). To overcome this problem, a compensation metheoghlized successfully by using a Q.52 depletion MESFET
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TABLE |
SIMULATED GAIN AND PHASE DIFFERENCESAGAINST PROCESSVARIATIONS

Circuit 1 Optimized@1.67GHz Optimized@5.3GHz
Variation Mismatch AGain APhase AGain APhase
Items Values (dB) (Deg) (dB) (Deg)
Av, £20mV ~0.15~0.11 179.5~179.6 - 0.16 ~0.16 180.0 ~ 180.1
ACE £20% -0.026 ~ - 0.027[|179.7~T179.4 —0.0045~ - 0.0037[180.2~T79.9
AC, 10% - 0.027~-0.026 [I79.7~T179.4 0.0011~— 0.032 1789 ~180.2
AR, + 10% 0.17 ~-0.26 1792 ~179.9 0.21 ~-0.16 179.2 ~180.9
AR;/Rg) [F10% 0.17~-0.26 1792 <1799 0.34~-0.39 179.5~180.6
Vpp=3V °

Fig. 4. Circuit 2, the tunable active differential phase splitter.
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Fig. 7. EEFET3 simulation results versus measured results for circuit 1.

circuit 1.

technology with pinch-off voltag&» = —0.9 V. Both circuits

are shown in Figs. 3 and 4, respectively.

A. Circuit 1

Frequency (GHz)

variation

ranges from 180at the lower end of frequency range to 163

at the higher end of frequency range. Since Fig. 2(a) has a

symmetrical configuration adk;,, Cp, andR, the unbalanced

vo1 anduvos are due to the unbalanced input signals to T1 and
Examining Fig. 2(a) and (b), it is seen that the amplitude d2 as mentioned in (1). To balance the output powegatand

vo1 is bigger than that o2 by 6—8 dB. The phase differencevos, the input powerg. at node G2 needs to be increased.
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Fig. 8. (a) Measured gain differences versus frequency and (b) measured phase differences versus frequency with externalguinirgyafit 2.

This requirement can be realized by feeding a certain amoteiepingCr constant sinceXy o Lg, or in nonlinear mode

of the signal power from D1 to G2. by changingCr and keepingLy constant, or by changing
Based on this idea, a serie€Rfeedback circuit, connecting both. The Q factor is not important in this design because the

D1 through G2 to ac ground, is proposed as shown in Fig.8ssy part of the inductor can be treated as parkefin the

The feedback circuit consists of two resistdtg, and Ry, an feedback circuit. In RFIC design, the actual choicelgf and

inductor Lg, and a capacito€r. This feedback circuit will Cr depends on the consideration of area consumption, phase

help to reduce thes; power and increase the,, power. The tuning sensitivity, and process tolerances.

resistorRqo plays two roles: it keeps dc bias of T2 the same It is clear that the output termination impedanke will

as T1, at the same time it senses the signal fed back frarffiect the choice of values of the components in the feedback

D1. Cr provides a dc blocking function so that the feedbaagircuit. When Ry, is zero,vp; is coupled to ground through

circuit will not shift dc bias of T2. At the application specificCp. When Ry is open (taken away),p; goes through the

frequencyw, if Cr and Ly values are chosen in such a wayeedback circuit completely.

that they follow the equation of

1
LpeCp = 2 (2) B. Circuit 2

the phase delay from D1 to G2 is zero. This is because that'© achieve even more accurate results in certain high-
the seriesLC circuit gives a zero reactance at its resonafrformance RF applications, the unbalance caused by the
frequency. When this happens, the feedbadk equivalent element variations in thg previous circuit should be ca_ncelled.
circuit will reduce to Rp, Ras, and z,, where 2 is T2's The element value vanatpn; come .from manufacturlng tol-
gate input impedance at. AC signalsvge and vp; have €rances, tempera}ture varlatlons, aging, etc. The squt|o!'1 to
the following relationship: this cpuld be addlng_some tuning circuits to the phase shifter
to adjust any variation caused by the changes of element

Vg = Upy ® Raa//z ) (3) Vvalue. The second circuit, which is based on the first one but
RF + Raa/ /7 externally tunable, is shown in Fig. 4.
From (3),vc» can be changed by adjustif@y and Reo. In this new circuit, an extra MESFET T3 is connected in

The amplitude tuning of the phase splitter will be taken ca®@ries with the feedback resistér.. The externally change-
of by the ratio of Ry and Rc.. The phase unbalance can pé&ble dc voltagels will adjus_t the channel reS|s_tance of_T3.
adjusted by proper choice of reactance of the feedback circdifus T3 and Ry are considered as a combined variable

The reactanceX r is given as feedba_ck resisthTF. T3 and R .are_relocate.d. to node
1 D1. This relocation keep¥p operating in a positive range
Xrp =wlLp — o (4) (0 < Vg < Vpp) for the depletion MESFET which has the

wlF

negative pinch-off voltage. In the circuit design, the initial bias
XF can be positive (inductive), zero (resistive), or negativeoint of Vg, the size of T3, and the values & and Eg»
(capacitive) by adjustind. » andCr values at the application are chosen in such a way that external tuning’gfwill vary
frequency(2. Thus, the phase unbalance at output ports céme gain and the phase balance within a specific small range
be effectively cancelled. From (4), it is seen that the phasentered at the balanced point. In this way, the unbalance (or
tuning can be done in a linear mode by changibhg and offset of gain) of the differential signals caused by the process
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DRATRSET

(b)
Fig. 9. Chip microphotographs of: (a) circuit 1 and (b) circuit 2.

variations can be effectively cancelled in high-performanaarrently used for commercial wireless communication sys-

RF applications. tems. If the circuit was optimized for wider-band applications,
the same results could be obtained within 4 GHz bandwidth.
[ll. SIMULATION AND MEASUREMENT Since the circuit is based on the symmetrical differential pair

Both circuits were designed and optimized at 1.67 cHd has a broadband performance, this feature makes it have

for the PHS application and the results were verified throudlé Pest performance against IC process variations. Table | is
on-wafer S-parameter measurement. The transistor moddft® Simulation of gain and phase difference against variation
used in the simulation are based on: 1) dataset—measirec?” mismatch of parameters in circuitAVp, ACp, andARy,
parameters at fixed biasing point, and 2) extracted HP EEFE3"® the mismatches of pinch-off voltage T1 and T2, two
model. coupling capacitors’» and load resistord?;, respectively.
Fig. 5 is the simulation using-parameter dataset agains®Cr is the relative tolerance of the feedback capaotigr,
the measurement results of circuit 1. The gain differencedf andA(Rr/Rq2) is the tolerance of the ratio of the resistance
dB and phase difference of 1891° have been easily achievedRr to Rge. Two circuits are simulated, one is optimized
within 0.5-3.5 GHz frequency range. It covers all frequencieg 1.67 GHz and the other one is optimized at 5.8 GHz.
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From Table I, it is seen that the circuit has an excellent
process tolerance, in the worst case the gain balance is oglﬁ
shifted by +£0.4 dB at 5.8 GHz, and the phase balanc
is shifted by +1°. Fig. 6 is the measured performance of[2]
circuit 1 against variation o¥'pp. Compared with the results
published in [2]-[5], this circuit demonstrates much better
performance. [3]

The choice of the model used in the circuit will affect the
accuracy of the circuit. Compared with results which $se
parameter dataset in the design, the performance of the phdéke
splitter which uses EEFET3 model is obviously poorer, see
Fig. 7. In the design that uses EEFET3 as the model, the gajs
difference of 1 dB and phase difference of 184 observed,
while in the design that useS-parameter dataset, the gain
difference is less than 0.5 dB, the phase difference i§,1&81d [6]
it has a wider band performance than the previous one. This
indicates how the accuracy is affected by choosing different,
MESFET models.

For circuit 2, Fig. 8 shows measured gain and phase differ[é]
ences versus frequency when tuniiig externally. At 1.67
GHz (optimized operating frequency), by tuning external dc
voltage Vg, the gain difference can vary from3 to +2 dB
while the change of the phase difference is withih ®vith
circuit 2, the R mismatch or offset (not dc offset) of the
differential amplifier next to circuit 2 can be cancelled by
this external tuning. Therefore, circuit 2 provides a critical
unbalance cancellation technique that can be used in high-
performance RFIC's.

Both circuits consume 3.8-mA dc current. Their chip photos
are shown in Fig. 9. Obviously, the feedback circuits do not
consume any extra dc current. They are easy to understand
and design.

IV. CONCLUSIONS

Two novel active differential phase splitters witleR series
feedback circuits have been proposed, designed, measured,
and discussed. The feedback circuits can adjust gain and
phase unbalance separately and accurately, without consun
extra dc current. The new circuits have excellent performan
against process variations due to their inherent symmetri
topology. The circuits can achievel dB and 180+ 1°
differential signals within 4-GHz bandwidth, well covering the
frequencies for dual-band wireless communication. With tt
tunable feedback circuit, more accurately balanced different
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