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Variable-Gain Phase Shifter with Phase Compensation Using

Varactors
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SUMMARY  This paper demonstrates a phase compensation technique
using varactors for variable-gain phase shifters (VGPSs). The VGPS con-
sists of an I/Q generator and I/Q variable gain amplifiers (I/Q VGAs). 1/Q
VGAs based on common-emitter stages are enabled to control the gain
by adjusting the collector current of the transistor. However, the phase
control performance degenerates because the input capacitance varies with
the collector current. The proposed phase compensation technique reduces
the variation in the insertion phase of the I/Q VGA by adjusting the volt-
age of the varactor provided at its input and maintaining the input capaci-
tance constant in any gain state. As a result, the VGPS can provide a low
phase and amplitude error under phase control. A Ka-band VGPS with
the proposed phase compensation technique, fabricated in a 130-nm SiGe
BiCMOS process, demonstrates a 0.73° and 0.06 dB improvement in the
RMS phase and amplitude error compared with the case without the com-
pensation technique. The VGPS achieves measured RMS amplitude and
phase errors of less than 0.19 dB and 0.75°, respectively, in an amplitude
control range of more than 20 dB with a frequency range of 28 to 32 GHz.
key words: vector-sum, variable-gain, phase shifter, phase compensation

1. Introduction

Recently, active phased array antennas (APAAs), which
generate directional beam patterns by electrically control-
ling the phase and amplitude, have been widely used in
5G communication [1]-[4], satellite communication sys-
tems [5]-[7], and radar applications [8], [9]. Massive
APAAs, which require a large number of front-end inte-
grated circuits (FE-ICs), have been proposed in silicon tech-
nologies, such as CMOS and SiGe BiCMOS, because of
their low cost and high integration [10]-[15]. An accurate
phase control is required for phase shifters to enable pre-
cise beam steering. Generally, vector-sum phase shifters
(VSPSs) are suitable circuits for APAA systems because of
their ability to provide insertion gain, low phase-shift er-
rors, and a compact area in silicon technology [16]-[22].
Precise amplitude control is also essential for low sidelobe
levels to avoid interference from unwanted directions [23].
Variable-gain amplifiers (VGAs), which use current steer-
ing or varying transconductances of transistors, have been
proposed to control the amplitude [24]-[27]. Conventional
methods that use VSPSs and VGAs require a large chip
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area and high power consumption because they include two
functional circuits. Therefore, variable-gain phase shifters
(VGPSs) have been proposed to reduce power consumption
and area by controlling the phase and amplitude with a sin-
gle block [14], [23], [28]-[30].

A VGPS, which is based on a VSPS, consists of an I/Q
generator and I/Q VGAs. 1/Q VGAs can control the am-
plitude by adjusting the current of the transistor and require
that the insertion phase remains constant at any amplitude
state to control the phase and amplitude precisely in APAA
systems [27]. However, the insertion phase of the I/Q VGA
varies owing to the variation in the input capacitance accord-
ing to amplitude control [28], [31]. This results in the degen-
eration of the phase and amplitude control performance as
VGPS or VSPS. To avoid them, various types of techniques
were proposed such as a compensation of the insertion phase
variation of VGAs, and calibration of the phase and ampli-
tude control performance as VSPSs. For VGA, it was pro-
posed by adding phase compensation devices such as var-
actors or current injection elements at output terminals or
cascode stages [26], [32], [33]. For VSPS, it was proposed
that IQ-VGA characteristics were measured in advance by
detection devices on/off-chip, and the optimum control val-
ues of IQ-VGA stored in look-up tables (LUTs) or memory
are used [34]-[36]. The circuit area and power consumption
increase due to detection circuits, LUTS, memory, and com-
plex digital control circuits, although precise phase control
can be achieved.

In this paper, we propose a simple phase compensation
technique using varactors for the VGPS based on a com-
mon emitter-based linear VGA. First, the insertion phase
and gain variation of the VGA with respect to the variation
in the input capacitance according to amplitude control is
analyzed. Then, the amplitude and phase errors of the VGPS
by the variations of the VGA are also analyzed. After that,
a phase compensation technique derived from the analysis
is proposed, in which a varactor is placed at the VGA in-
put terminal and the varactor voltage is controlled linearly
to the control voltage of the VGA. The proposed technique
reduces the variation in the insertion phase of the VGA by
maintaining a constant input capacitance in any phase state
without any detection circuits, LUTs, memory, and complex
digital control circuits. As a result, the proposed technique
can provide low phase and amplitude errors for the VGPS
with a small circuit size and low power consumption.

The proposed phase compensation technique for the
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VGPS is described in Sect.2. The circuit implementa-
tion and measurement results of a Ka-band VGPS with the
proposed phase compensation technique in a 130-nm SiGe
BiCMOS are presented in Sects. 3 and 4, respectively. Fi-
nally, the paper is summarized and concluded in Sect. 5.

2. Proposed Phase Compensation Technique for the
VGPS and VSPS

This section discusses the proposed phase compensation
technique for the VGPS. This technique can be applied to
a VSPS and VGPS using VGAs based on common-emitter
stages.

2.1 Circuit Configuration

Figure 1 shows the configuration of the proposed VGPS.
The VGPS consists of an I/Q generator and I/Q VGAs. The
I/Q VGAs are used for phase control with current digital-to-
analog converters (DACs) and amplitude control with volt-
age DACs. In addition, voltage DACs for varactors are used
to compensate for the insertion phase of the I/Q VGAs.

The configuration of the VGA is shown in Fig.2.
The VGA consists of two stacked amplifiers com-
posed of common-emitter stages for phase control using
IREFP/IREFN and common-base stages for amplitude con-
trol using CNTP/CNTN to separate the phase and amplitude
control functions in the VGPS.

In the common-emitter stage, amplitude and polarity
control for phase control is realized using the collector cur-
rents of transistors IP and IN using current DACs. The gain
of the common-emitter Gyga_c is proportional to the differ-
ence in current between Q1 (Q4) and Q2 (Q3), as expressed
by

Gyga_ce =IP —IN o< IREFP — IREFN. (1)

IP and IN are controlled to maintain a constant I;,,,; using
the current DACs. I, is the sum of IREFP in Q1 (Q4) and
IREFN in Q2 (Q3) as follows:

Liptar = IP + IN oc IREFP + IREFN. 2)

In the common-base stage, the gain for the amplitude
control is controlled using V., which is the voltage between
the base of transistors Q5/Q8 and Q6/Q7. The relationship
between the gain of the common-base stage Gyga_cp and V,
is expressed as

Ve
evr
Gvea_cp ¢ —— 3)
eV +1

where V, denotes the thermal voltage. When V, = 0, the in-
sertion gain of the base stage is 1/2 (—6 dB) from the max-
imum gain. Moreover, the gain is dB-linear with respect
to V. when the insertion gain is small [37]. The common-
base stage is suitable for amplitude control in the VGPS be-
cause it has a high resolution and wide gain range. The vari-
able transconductance range of the common-base transistors
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Q5/Q7 and Q6/Q8 is invariant at any phase state because the
phase is controlled to maintain a constant I;,,,;. Therefore,
the gain of the common-base stage can be controlled inde-
pendently of that of the common-emitter stage.

2.2 Insertion Phase and Gain Variation of VGA with Am-
plitude Control

In VGPSs or VSPSs, the gain of [/Q VGAs is controlled
according to the phase states. The common-emitter VGA
is suitable for high-frequency operations because it consists
of only four transistors [19], [21], [23], [24]. However, the
variation in the input impedance of the I/Q VGAs according
to the amplitude control degenerates the phase control per-
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Fig.3  Equivalent circuit of the bipolar transistor (left) and the simula-
tion results of the collector current dependence of the parasitic capacitances
(right), where the transistor size is 0.12 um/4 pum and the current range is
from 0 to 2000 pA.
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Fig.4  Small signal equivalent circuit of the common-emitter stage of the
VGA.

formance [26], [28], [31]. In VGAS using bipolar transistors,
the capacitance between the base and emitter varies depend-
ing on the collector current. Figure 3 shows the equivalent
circuit of the bipolar transistor and the simulation results
of the collector current dependence of the parasitic capac-
itances, where the transistor size is 0.12 um/4 um, and the
current range is from O to 2000 uA. The parallel capacitance
C, varies from 13.7 to 36.5 fF. This results in the variation
in the insertion phase of the VGA, and the insertion phase
variation of the VGA results in the degeneration of the phase
control performance of the VGPS.

To prevent variation in the insertion phase of the VGA,
we propose a phase compensation technique with a varactor
Cyr connected in parallel with the base terminal (Fig.2).
Figure 4 shows the small-signal equivalent circuit of the
common-emitter stage of the VGA. The input impedance
of the VGA is calculated using this circuit. We assume that
the input signals of the VGA are differential (v,, = —vy,).
The relationship between V;, and V is expressed as

Vin _ Zdiﬁ"(lp, In)

=y, @)
Zdiﬁ"(lp’ In) + Zs

The differential input impedance is given by
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Zdiﬁ"(lps Im Vvar)
2

~ , 4)
(%+jw(cn<1p)+c,r<1n>+2cﬂ+CW(VW>))

where the capacitances between the base and collector of
the differential transistor are assumed to be nearly equal
(C, = C,p = Cyy) because they do not depend on the collec-
tor current (Fig. 3). V,,, is the varactor control voltage. The
variation in the input capacitance, that of the capacitance
between the base and emitter, and that of the varactor ca-
pacitance according to the gain control are defined as ACy,,
ACy, and AC,,,, respectively. The relationships among these
capacitances are as follows:

Cr(Ip) + Ca(ly) = AC (1, = L)) + Cro,

CU(lr(VUUV) = ACU{IV(VU(IV) + CU(JTO’ (6)
ACin(llp - Inl’ Vvar) = ACﬂ(llp - Inl) + Acvar(vuar)’
where Cpy is the capacitance at the initial bias current 1,9 —
Lo, and AC(II0 — Il) is 0. Cyao is the capacitance of
the initial control voltage, and AC,,(0) is O at the initial

control voltage. From Egs. (5) and (6), the differential input
impedance can be expressed as follows:

2
Zdiﬁ"(lp’ln, Viar) = 2/(_ + jw(Cno + Coaro + 2C,u +

Vs

ACu (I, = I, vw»)). (7)

The source impedance Z; for input impedance matching is
defined as follows:

Z, = 2/(E — Jjo(Cro + Cuaro + 2C,J)), (8)

I'n

The insertion gain of the VGA G(I, - 1,, V) after input
matching using Z; is given by

- jUJ(CﬂO + Cum() + 2C,u)
+ jwACin(l, = I, Viar) |

G(Ip — I, Viar) = Go -

NP N

_ _ZZ(gmp - gmn)

= 9
T 1+ 2jwCZ ©)

The input capacitance AC;, varies with the collector current,
according to the gain. The relationship between the varia-
tion of the input capacitance and that of the insertion phase
and gain is calculated using Eq. (9). The variations in the
insertion gain AG, amplitude of insertion gain |[AG]| and in-
sertion phase Ay are expressed as follows:

4
_ G(Ip_lna Vuar) _ rn
T Gy — 10,00~ 4 .
( P "0 ) r_ + .]wACln(Vp - In|s Vvar)

n

AG

(10a)
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\/(ri) + (a)ACi"(llp - IVlL Vvur))2

A(p - _ tan_l wAClI‘l(|[p 4 I"l|’ Vuar)rn , (100)
Equation (10b) indicates that the variation of |AG| is de-
termined by the ratio of wAC;, to 4/r,. The influence of
AC;, on |AG]| can be small under the condition of (4/r,)? >
(WAC;, (I, = 1], V,ar))?. For example, it is assumed that 7,
and AC;, are 540 Q and 6.5 fF, respectively. At 30 GHz,
(4/ry)?, which is 5.5 x 107>, is significantly larger than
(WACi (I, = Ly, Voar))?, which is 1.5 X 107°. |AG] is ap-
proximately 1.3% (0.12 dB) under this condition. In con-
trast, Eq. (10c) shows that Ag is proportional to the arc tan-
gent of wAC;, and r,. For example, if r, and AC;, are
in the same conditions (r, = 540 Q, AC;, = 6.5 fF), Ay
is approximately 4.7° at 30 GHz. From the above discus-
sion, Ay of the VGA will have a greater influence on the
phase and amplitude error of VGPS under the condition of
(4/’"”)2 > ("-)Acmqlp - Inls Vvar))2~

The insertion phase variation Ay is zero when the var-
actor voltage is controlled to maintain the input capacitance
constant at any gain state. In this case, varactor voltage sat-
isfies the following equation:

IAG| =

(10b)

Viar = ACL(=ACK(I, — L)), (11

var

where AC,. is the inverse function of AC,q,-

The collector current dependence of the input capac-
itance was simulated when the varactor voltage was con-
trolled linearly with respect to the difference I, — I,, so
that the change in the input capacitance was small. Fig-
ure 5 shows the simulation results of the collector current
dependence of the input capacitance with and without the
proposed compensation technique, where the varactor an-
ode length and width were 1 and 15 um, respectively. The
varactor capacitance was constant without the compensation
technique. In contrast, the varactor capacitance ranged from
27 to 34.5 fF with the compensation technique according to
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Fig.6  Calculation results of the collector current dependence of the in-
sertion phase and amplitude variation.

the normalized collector current I, — I,. The input capaci-
tance was from 98.3 fF to 104.8 fF without the compensa-
tion technique. On the other hand, it was from 96.4 {F to
99.3 fF with the compensation technique. The maximum
variation in the input capacitance from the initial condition
(normalized I, — I, = —1 or 1, the initial input capacitance
= 98.3 {fF) was 1.9 fF with the compensation technique and
6.5 fF without the compensation technique. The proposed
technique achieved a 4.6 fF improvement in the variation.
The collector-current dependence of the insertion phase and
amplitude variation calculated using Eq. (10) are shown in
Fig. 6. In this calculation, the varactor capacitance control
was the same as that shown in Fig.5. r; was 540 Q, which
was derived from the circuit simulation.

Figure 6 shows that the maximum variation from the
initial condition in the insertion phase with and without the
proposed technique was 1.4° and 4.7°, respectively. Also,
the maximum variation from the initial condition in the in-
sertion gain with and without the proposed technique was
0.01 dB and 0.12 dB, respectively. The proposed technique
achieved 3.3° and 0.11 dB improvement in insertion phase
variation Ag and amplitude of the gain variation |AG].

In the upper discussion, the varactor was assumed to
be the ideal varactor without parasitic resistors as shown in
Fig.4. However, the actual varactor has parasitic resistors
and the Q-factor is finite. Therefore, there are some cases
to consider the influence of the varactor Q-factor. The r;
was calculated as the combined resistance of the equivalent
parallel resistance of the bipolar (= 664 Q constant) and the
varactor (= 2.9 kQ constant) by the simulation. Since the
Q-factor and the equivalent parallel resistor of the varactors
vary from 13.0 to 14.8 and from 2.0 kQ to 2.9 kQ according
to frequency and the control voltage, the r, varies approx-
imately 7.5% from 501 Q to 540 Q with the variations of
the varactors. The effect on amplitude and phase variations
with the compensation technique in Fig.5 (AC;, = 1.9 fF),
which is calculated from 7.5 % variation of r, and Eq. (10),
are about 0.001 dB and 0.2° at 30 GHz. Thus, the influ-
ence of the varactor Q-factor must be considered depending
on the target performance of the amplitude and phase vari-
ations, and the precise amplitude and phase variations must
be confirmed by the circuits simulation.
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Fig.7 Calculation results of (a) the insertion amplitude and (b) phase
errors of the VGPS.

2.3 Phase and Amplitude Error of the VGPS by the Phase
and Amplitude Variation of VGA

The phase and amplitude errors of the VGPS based on the
insertion phase and gain variations of the I/Q VGA accord-
ing to amplitude control are expressed as follows:

1

Y
Perr,i = tan I(Yl) — Pideal,i

Aerri = VX2 + Y Aidear
Y; = (oS Yideari + AGy;) sin Apy;

+ (Sin Pideali

+AGg,)cos Apgi (12)
Xi = (coS Gigeari + AGy;) cos Mgy ;

— (8in igeati + AG o) sin Apg

where Qigeqii» Aideari denotes the ideal phase shift and ampli-
tude. The phase and amplitude errors of the VGPS were cal-
culated with and without the proposed technique at 30 GHz
using Eq. (12), and a comparison of the calculation results
of is shown in Fig. 7. In the calculation, the 7-bit ideal value
of the gain settings for the IREFP/IREFN in I-VGA and
Q-VGA (i.e., sinf for I-VGA and cos 6 for Q-VGA) were
used. Therefore, the 7-bit amplitude quantization error is
included in Fig. 7. The calculated maximum amplitude er-
ror with and without the proposed technique from Fig. 7 (a)
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Table 1  Parameters of the VGA and VGPS.
Parameter Value
QI1-Q4 0.12 um /4 um
Q5-Q8 0.12 pm/ 12 pm
Irora/ 2 mA
L 512 pH
27-34 fF
Crar (anode length: 1 pm,
anode width: 15 pm)
INP o M M\ o |+
R:500hm
o | [
C:106fF
INN W\ W\ 0 Q+

O—VVyv O—VVV O |-

R
100 Ic Ic

ohm

AAA
T=VVVY =VVV 0 Q-

Fig.9  Circuit configuration of the I/Q generator

were 0.38 and 0.51 dB, respectively. The maximum phase
errors calculated with and without the proposed technique
from Fig. 7 (b) were 1.55° and 2.99°, respectively. The pro-
posed technique achieved a 0.13 dB and 1.44° improvement
in the amplitude and phase error of VGPS, respectively.

The RMS phase shift error ¢,,,,; and RMS amplitude
error A,,,; of an m-bit phase shifter owing to I/Q phase im-
balance are calculated as follows:

Zizsl ‘pgrr,i
Prms = 2—m
oA
Arms = % (13)
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Fig.11  Photograph of the manufactured IC (size 1600 ym x 1150 pm).

The RMS amplitude and phase errors of the VGPS due to
the variation in ACj, can be calculated using Eqgs. (10), (12),
and (13). The calculation results of the RMS amplitude and
phase errors of VGPS by AC;, are shown in Fig.8. ACy,
was 6.5 fF as calculated in Fig. 5 without the proposed tech-
nique, and the calculated RMS amplitude and phase error
were 0.25 dB and 1.10°, respectively. In contrast, AC;, was
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1.9 {F with the proposed technique, and the calculated RMS
amplitude and phase error were 0.15 dB and 0.60°, respec-
tively. The proposed technique achieved a 0.10 dB and 0.50°
improvement in the RMS amplitude and phase errors, re-
spectively. The reason why the RMS phase error and am-
plitude error are not zero at AC;, = 0 fF is due to the 7-bit
amplitude quantization error of I/Q VGAs.

From the upper discussion, the proposed technique can
reduce the variation in the insertion phase of the IQ-VGAs
by controlling the varactor voltage in the input terminal of
the IQ-VGAs linearly with respect to the IQ-VGAs ampli-
tude control value. This is because the input capacitance
variation of IQ-VGA can be maintained constant in any
phase state. As a result, the proposed technique can achieve
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low phase and amplitude errors for the VGPS.
3. Implementation

The proposed VGPS shown in Fig. 1 is implemented. Ta-
ble 1 shows the device parameter of the VGA shown in
Fig.2 and the VGPS. Figure 9 shows the circuit configu-
ration of the I/Q generator. The I/Q generator is a two-
stage RC polyphase filter. The resistor R is 50 Q and the
capacitance C is 106 fF, which is determined for the single-
pole angular frequency of 30 GHz. Figure 10 shows the
configuration of the DACs. Figure 10 (a) shows the circuit
configuration of the 9-bit DAC for amplitude control. The
DAC consists of binary weighted NMOS current mirrors,
NPN transistors Qg and Qj9, and resistors R,. V., which
is the difference between CNT_P and CNT_N, is approxi-
mately +0.2 V. The number of bits of the amplitude control
DAC is set to 9 (> 0.4V/AV.:1.5mV = 266) from Eq. (3)
so that 0.5dB steps amplitude resolution can be obtained
within the variable range V.. The minimum device L/W of
NMOS corresponds to 3 um/2.4 ym. Figure 10 (b) shows
the circuit configuration of the 7-bit DACs for phase control.
The DACs are composed of binary weighted PMOS current
mirrors. The minimum device L/W of PMOS corresponds
to 2 um/2 pum. This DAC determines the VGA amplitude
(I, — I,) resolution and RMS phase and amplitude error of
VGPS due to quantization error. To achieve both 0.37° RMS
phase error and 0.03° RMS amplitude error due to the quan-
tization error in the 6-bit VGPS, the number of bits of this



684

Insertion gain (dB)
=

25 | e

27 28 29 30 31 32 33
Frequency (GHz)

(a)

27 28 29 30 31 32 33
Frequency (GHz)
(b)
0.5

0.4

0.3

0.2

0.1

RMS amplitude error (dB)

27 28 29 30 31 32 33
Frequency (GHz)

(©)

1.5

0.5

RMS phase error (deg.)

0

27 28 29 30 31 32 33
Frequency (GHz)

(d)

Fig.16  Measured gain and phase performance of the VGPS when the
phase shift is controlled within 360° with 5.625°-steps and a 23 dB attenu-
ation state. (a) insertion gain, (b) RMS amplitude error, (c) insertion phase,
(d) RMS phase error.

IEICE TRANS. ELECTRON., VOL.E106-C, NO.11 NOVEMBER 2023

0.5
g
= 04
S
o
£
)
o 03
o
2
3 0.2
£ ———’—0\.§0
©
(7]
2 0.1
4

0

0 5 10 15 20 25
Attenaution (dB)
(a)

2
)
s 15
1
£
(4]
o 1
)
©
=
o 0\0—0—0—0/.
n 05
=
14

0

0 5 10 15 20 25
Attenaution (dB)
(b)

Fig.17  Phase shift performance with respect to the attenuation. (a) RMS
amplitude error (b) RMS phase error.

DAC should be at least 6 bits. 1-bit for polarity reversal is
added and the total DAC bit is set to 7. Figure 10 (c) shows
the circuit configuration of the 10-bit DACs for phase com-
pensation. A phase compensation DAC requires a resolu-
tion similar to that of a phase control DAC in order to avoid
the influence of quantization errors set by capacitances. In
the varactor shown in Sect. 2.2, 27-34.5 {F corresponds to
a control voltage range of 0-0.5V. Therefore, the required
voltage resolution is 3.9 mV (= 0.5V/27%"). Since it is a
power supply voltage (2.5V) division type DAC, the reso-
lution is set to 10 (> 2.5V/3.9mV = 640). The DACs are
composed of R-2R ladder resistors for rail-to-rail outputs. R
is 10 kQ for this design.

4. Measurement Result

Figure 11 shows a die photograph of the VGPS fabricated
using the 130 nm SiGe BiCMOS process. The chip area was
1150 um x 1600 um. The active area was 0.31 mm?. Fig-
ure 12 shows the measurement system. A probe station with
GSGSG probes and a four-port network analyzer (Keysight
N5247A) were used to characterize the performance of the
chip. A PC provided the input code for the DAC via the se-
rial interface in the chip. In the measurements, the ideal
value of the gain settings for the DACs input code-VGA
and Q-VGA (i.e., sinf for I-VGA and cos 6 for Q-VGA)
were used for the 7-bit DACs for phase control. In addition,
the varactor voltage was controlled linearly with respect to
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Table2  Comparison of vector-sum phase shifters of this and other studies
, Frequency con . Gain ctrl Phase ctrl Gain Powe; Chip area
rocess (GHz) onliguration Range | Resolution | Resolution | RMS phase RMS gain | Gain variation (dB) consumption (mm2)
@) | (B (dB) | error (deg) | error (dB) (dB) (mW)
. 130nm .

This work SiGeBiCMOS 28-32 VGPS 23 0.5 6bit 0.75 0.19 0.8 -3.2 27.5 0.31
[14] 65nm CMOS 26-30 VGPS 16 0.5 6bit 1.5 0.25 - 14.8* 44%* 0.09%*
[15] 65nm CMOS 21-30 VGA&PS 24 0.75 0.8 degrees 0.88 0.16 0.5 12.2 12 0.34

130nm . .
[16] SiGeBICMOS 26-28 PS 8bit/5bit 0.2/4 0.2 - -0.5 23 0.45
90nm .
[17] SiGeBICMOS 20.5-26.5 PS - - 6bit 2 - 1.5 -1 10 0.12
[18] 180nm CMOS | 18.1-19.9 PS - - 4bit 25 0.7 4.52 -2.75 10 0.67
[20] 65nm CMOS 32-40 PS - - Tbit 1.6 0.38 1.2 -17.5 0 0.14
21 130nm 26.5-29.5 PS 4bit 3.5/4.2 0.7/1.0 4.4/2.3 27.5/42.5 0.71/1.15
[21] SiGeBICMOS .5-29. - - i 5/4. NOR -4.4/2. . . . .
[22] 65nm CMOS 19-23 PS - - 6bit 23 0.38 1.73 -14 0 0.64
[23] 65nm CMOS | 52-64 VGPS 14.8 - 6bit 33 0.5 - -5.8 18 0.40
[28] 65nm CMOS | 30-32.5 VGPS 17.3 - Sbit 2.6 0.4 - -2.8 18 0.21
[29] 65nm CMOS | 20.8-25 VGPS 17.8 0.57 7bit 1.17 0.13 -3.5 6.6 0.13
[30] 65nm CMOS 79 VGPS 21.6 3 5bit 6.7 1.89 114 24.7 0.14
PS
250nm
4 -12 ith ff chi - - i 2 1 11 2
[34] SiGeBICMOS 8 wit] c?n/o : chip 7bit 6 8.6 0 60
calibration
PS
[35] 65nm CMOS | 14.5-15 | with on/off chip - - 6bit 14 0.7 22 9.7 67.1 0.72%*
calibration
PS
[36] 28nm CMOS 22-44 with on chip - - Tbit 0.92 0.36 2.73 -3.1 35 0.74
calibration

*including additional amplifiers, ** estimation from chip photographs

the difference I, — I,,, which was the same as that in Fig. 5.
The current from a 2.5 V voltage supply was 11.0 mA. The
power consumption was 27.5 mW.

The measured gain and phase performance of the
VGPS when the phase shift was controlled within 360° with
5.625° steps and the maximum gain state (A<8:0>= 0) are
shown in Figs. 13 and 14. Figures 13 (a) and 14 (a) show
the insertion gain and phase, respectively. The measured
average gain at 30 GHz was —1.3 dB. Figures 13 (b) and
14 (b) show a comparison between the simulated and mea-
sured results of the amplitude and phase error at 30 GHz.
From Fig. 13 (b), the measured maximum amplitude error
with and without the proposed technique were 0.40 and
0.48 dB, respectively. The simulated maximum amplitude
error with and without the proposed technique were 0.31 and
0.40 dB, respectively. From Fig. 14 (b), the measured maxi-
mum phase errors with and without the proposed technique
were 1.95° and 4.62°, respectively. The simulated maximum
phase errors with and without the proposed technique were
1.73° and 4.57°, respectively. Figures 13 (b) and 14 (b) show
that the simulated and measured amplitude and phase errors
were almost consistent with each other. In addition, these
results were in almost good agreement with the calculated
maximum amplitude and phase error (0.38 dB/1.55° with
the proposed technique and 0.51 dB/2.99° without the pro-

posed technique) given in Sect. 2. Figures 13 (c) and 14 (c)
show the RMS amplitude and phase error with and without
the proposed technique. The proposed technique achieved
measured RMS amplitude and phase errors of 0.16 dB and
0.59° at 30 GHz. In contrast, these errors were 0.22 dB and
1.32° without the proposed technique. The proposed tech-
nique achieved 0.06 dB and 0.73° improvement in the RMS
amplitude and phase error, respectively. These results were
in good consistent with the calculated results (0.15 dB and
0.60° with the proposed technique, and 0.25 dB and 1.10°
without the proposed technique) given in Sect. 2. The mea-
sured maximum RMS amplitude and phase errors at 28—
32 GHz were 0.19 dB and 0.71°, respectively, with the pro-
posed technique.

The measured variable gain performance is shown in
Fig. 15. Figure 15 (a) shows the insertion amplitude. Fig-
ure 15 (b) shows the attenuation characteristics at 30 GHz
with respect to the variable gain code A<8:0> (Fig. 10 (a)).
The gain control range was greater than 40 dB. The gain res-
olution was less than 0.5 dB when the attenuation amount
was less than 27 dB. The measured gain and phase per-
formance of the VGPS with phase compensation when the
phase shift was controlled within 360° with 5.625° steps
and 23 dB attenuation state (A<8:0>= 365) are shown in
Fig. 16. Figure 16(a) and 16 (b) show the insertion gain
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and phase, respectively. The measured gain at 30 GHz was
—24.3 dB. Figure 16 (c) and 16 (d) show the RMS amplitude
and phase error, respectively. The measured RMS amplitude
and phase errors at 30 GHz were 0.12 dB and 0.65°, re-
spectively. The phase-shift performance with respect to the
attenuation at 30GHz is shown in Fig. 17. Figure 17 (a) and
17 (b) show that the measured RMS amplitude and phase
errors achieved less than 0.16 dB and 0.65° in more than
23 dB gain control range. The VGPS achieved measured
RMS amplitude and phase errors of less than 0.19 dB and
0.75°, respectively, in a gain control range of 23 dB with
a frequency range of 28 to 32 GHz. Table 2 shows a per-
formance comparison of the VSPSs of this and other stud-
ies. This study achieved the lowest RMS phase error in the
VGPS. A small chip size and low power consumption were
also demonstrated relative to the other VSPS with calibra-
tion techniques.

5. Conclusion

This study demonstrated a phase compensation technique
using varactors for a VGPS based on a common emitter-
based VGA. The phase control performance degenerates be-
cause the input capacitance of I/Q VGAs varies with the col-
lector current. The proposed phase-compensation technique
reduces the variation in the insertion phase of I/Q VGAs
by adjusting the voltage of the varactor and maintaining the
input capacitance constant in any amplitude state. Conse-
quently, the proposed VGPS can provide low phase and am-
plitude errors under phase control. The Ka-band VGPS with
the proposed phase compensation technique, which was fab-
ricated in a 130-nm SiGe BiCMOS process, demonstrated
0.06 dB and 0.73° improvement of the RMS amplitude and
phase error compared with the case without the compensa-
tion technique. The VGPS achieved measured RMS ampli-
tude and phase errors of less than 0.19 dB and 0.75°, re-
spectively, in a gain control range of 23 dB with a frequency
range of 28 to 32 GHz.
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