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( A Quantitative Analysis of I/Q Regeneration and I/Q Mismatch in
Multi-Port Junction-based Direct Receivers )

(Hyung Chul Park)
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Abstract

This paper proves that multi-port junction-based direct receivers (MPDRs) can regenerate I~ and Q-channel signals
accurately by using conventional I/Q mismatch compensation. This proof enables MPDRs to be integrated into existing
RFIC based systems without additional digital signal processing. This paper analyzes the relationship between accuracy of
1/Q regeneration parameters and degree of 1/Q mismatch, and shows that the estimation results and the simulation results
are almost the same.
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I. Introduction The band below 5GHz is heavily occupied by many

communication systems and hence does not provide

As the demand for high-speed wireless sufficient  bandwidth  for multi-Gbps  wireless
communications, various wireless communication communication. ~ Recently, standards have been
standards have been developed or are under developed that specify operation in the higher

development, including IEEE &02.11n, U 4th Generation
(4G) mobile communication, and IEEE 802.15. 3a?,

" As, AedEtyledstal 2T o o & 8t}
(Seoul National University of Science and
Technology, Dept. of Electronic and IT Media
Engineering)

% o] A7E AeRev|Edsta wy o
Aoz Sy s

Hed Ak 2012934921,

A1 A

O

=

T

12012116974

(145)

frequencies, such as the 10GHz band or the 60GHz

d* addition, due to the development of

ban
various wireless communication standards, portable
wireless communication terminals must be able to
support several wireless communication standards.
for the

possibility of supporting a data rate between several

Since digital signal processing allows
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Mbps and Gbps via pipelining and parallel processing
techniques, 1t 1s easy to support multiple
communication standards on the same digital signal
processor. However, it may not be efficient to
support multiple communication standards on the
same radio-frequency integrated circuit (RFIC) as the
operating band and bandwidth strongly depend on
process technology. CMOS RFIC is widely used in
communications at frequencies below 5GHz. However,
for higher frequency communications, monolithic
microwave integrated circuits (MMICs) or multi—port

(MPDRs) using
g5°6l

junction-based direct receivers
passive microwave components may be use
Multi-port (e.g., five- or six-port) junction-based
direct receivers have the following advantages
compared with conventional receivers using active
devices. First, the power consumption is reduced due
to the use of passive microwave components, such as
directional couplers and power dividers. Second, the
use of passive devices provides improved wideband
characteristics compared to those of conventional
receivers. It 1is worth noting that wideband
high-speed

communications. Third, hardware imperfections and

characteristics are  important in

wideband characteristics can be improved by

78
8l However,

calibrating the multi-port junction
MPDRs have the following disadvantages compared
with conventional receivers which use active devices.
First, the MPDRs
analog—to—digital converters (ADCs). Second, I/Q

regeneration is required to regenerate the I- and

require at least three

Q-channel signals from the power signals of a
multi-port junction. Since the MPDRs require
additional components, there have been difficulties
combining them with existing RFICs in existing
RFIC based systems.

This paper presents new interpretations of MPDRs
and shows that MPDRs can be used directly in
existing RFIC based systems. We first prove that I/Q
regeneration in MPDRs is identical to I/Q mismatch

compensation for RFICs. This leads us to a new
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Fig. 1. Block diagram of an MPDR.

interpretation that MPDRs can regenerate I- and
Q-channel signals accurately only by using two
ADCs and conventional I/Q mismatch compensator
that are extensively used in existing RFIC based
systems.

In Section II, it is proved that a MPDR with
imperfect I/Q regeneration parameters can be modeled
quadrature
demodulator in which the I- and Q-paths have a

as a non-ideal direct conversion

phase and gain mismatch. In Section III, it is
analyzed the relationship between the accuracy of the
I/Q regeneration parameters and the degree of I/Q
mismatch. Finally, conclusions are presented in
Section V.

II. 1/Q Regeneration in MPDRs and 1/Q
Mismatch

Fig. 1 shows the block diagram of an MPDR. Let

the modulated carrier signal be written as
5(0)= Refm(r)e m

where «. denotes the carrier frequency and Re{x}
denotes the real part of x. m(t) denotes the

information signal and is written as
m(t)zlm(t)-'_ JQm (t):Am (t)eMW(t) (2)

The received signal can be expressed as

r(t)=s(t)+n(t)= Re{m(t)e”"“" }+ n(t)

_ 4 (O)eos(t + 4, (0)+ nl?) ©

where n(t) denotes additive white Gaussian noise
(AWGN) with two-sided spectral density Ny/2. The
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receiver LO signal is written as*

c(t)= Re{Ae"“”‘””’“ }: Acos(w,t+¢,) (4)

where ¢y denotes the phase difference between c(t)
and r(f). As shown in Fig. 1, two ports in a five—port
junction are connected with r(¢) and c(¢), respectively.
The remaining three ports output the signal, which is
the linear sum of r(t) and c(t) with each attenuation

and phase-shift values. It is written as

y,(t)= |05,.|A cos(w,t + ¢, + Za,)
+[B]4, (W)cos(w.r+ 4, (t) + 25)
+|B|n(t), i=123

(5)

where |g| and |8l are the attenuation values for
ct) and r(t), and 2@ and 25 are the phase-shift
values for c(t) and r(¢), respectively. In the power
detection and low pass filtering of yi(t), r(¢) and c(¢)
are additively mixed such that the received signal
rt) is down-converted to the baseband'”. Then, the
low—pass filtered power signal of y:(¢) (P{¢t) in Fig.

1) is written as

P ()=, () =

Al ) :

= e (OO I
+2dla,p,|- (1, (t)cos(g, — 4,)+ 0, (t)sin(g, - ¢,)) ©
where

¢,:Zﬂi71ai

In (6), wi(t) is the contribution of channel noise, in
which the AWGN is altered by the power detector
diode, and A’lal’/2 and |G IZ(D+Quw(1)/2 are the
rectified signals of c(¢t) and r(¢), respectively. In (6),
it is shown that the low-pass filtered power signal

Pi(t) is linearly correlated with the transmitted I- and

* In general, the frequency and phase of the LO
signal differ from those of the carrier of the
received signal. In [9], it was shown that when
the single—frequency CW signal is wused, the
carrier frequency recovery can be completed prior
to I/Q regeneration. It is assumed herein that only
the carrier phase of the LO signal differs from
that of the carrier of the received signal.

(147)

Q-channel signals. Hence, the transmitted I- and
Q-channel signals can be regenerated in terms of the
linear combination of the low-pass filtered power

signals[m]. It is written as

]r(t)z aIIPI(t)J'_ a12P2(t)+ a13P3(t)

0,(1)= ag P, (1) + agyP,(0)+ ays Py (1) @)

where I,(t) and @t) denote the regenerated I- and
Q-channel signals, respectively. ag, ag (i=1,2,3) are
the 1/Q regeneration parameters. These parameters
must be determined in order to regenerate the I- and
Q-channel signals from the power signals of a
multi-port junction.

To examine the influence of a non-ideal multi—port
junction, let us assume the following conditions: (a)
the I/Q regeneration parameters are ideal, (b) the DC
offset, ie. A’lal*/2, is removed, (c) the amplitude of
the LO signal, 4, is much greater than 1**, (d) ¢ in
(4) is equal to 0, and (e) the channel has no noise.
Since A>>1, the power of the rectified signals of r(¢)
may be much smaller than that of the desired signal
component such that it can be removed in (6). When
the multi-port junction is ideal, I{¢) and @Q-¢) must
be identical to the transmitted I- and Q-channel
signals In(t) and @u(t), respectively. By inserting (6)

in (7), I(¢) is written as

all ‘allgl ‘ Cos ¢l
I (t) =241, (t + a12|a2ﬂ2|005 9,
+ 0113|a3ﬂ3|cos¢3

®)

a11|a1131|5in A
—-240, (t + a12|a2ﬁ2| sin ¢,
+ a13|a3ﬂ3|5in 78

=1,()

From (8), we find

#% This is expected because, in general, the LO
signal power is much greater than the received
signal power.
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all‘alﬂl ‘COS¢1 an‘al,Bl ‘Cos¢l
24 +a12‘a2ﬂ2‘cos¢2 =1 +aQ2‘a2ﬂ2‘cos¢2 =0
+ al3‘a3ﬂ3 ‘COS¢3 + aQ3‘a3ﬁ’3 ‘cos &,
) (12)

all‘alﬂl ‘Sin é

+ a12‘a2ﬁ2 ‘ sing, | =0

+ a13‘a3ﬁ3 ‘Sin 9,

The I channel regeneration parameters satisfying

(9) are written as

__ |051,51 | sin(¢3 - ¢1) 4
A
N 1 sin @,

2A|a2,32 | Sin(¢3 o ¢2)
| sin.-9)
" Jaypy| sin(g, - 4,) "
B 1 sin ¢,
2A|a3ﬂ3 | Sin(¢3 - ¢2)

a,

Since (10) has two equations and three unknowns,
there is an infinite set of I channel regeneration
parameters, and the two regeneration parameters are
expressed in terms of another regeneration parameter.

Qr(t) is written as

aglenfh[cos,
0. (t) =2AI, (t + aQZ‘azﬁz ‘cos o,
+ aQ3‘a3ﬂ3 ‘cos @,
an‘alﬂl ‘sin ¢ (11)
=240, (t) +ag,|a, B, |sin 4,
+ gy By sin g,
=0,()

From (11), we find

an‘alﬁl ‘Sin ¢

-24 +aQ2‘a2ﬂ2‘sin¢z =1

+ay; ‘a3,83 ‘sin o,

The Q channel regeneration parameters which

satisfy (12) are written as

__ ‘alﬂl ‘ Sin(¢3 _¢1)a
. ‘azﬂz‘ Sin(¢3 - ¢2) e
N 1 Ccos ¢,
24|, B, sin(¢, — ¢,)
8, | sin(g, - 4,
“”z@mhm&—@%@
3 1 cos ¢,
24|, B, | sin(d ~ ¢,)

a

(13)

However, in reality, attenuation values and
phase-shift values in multi-port junctions may
deviate from the expected values due to process
variation. Let us assume that |a| and |G| are
changed to |a(1+A4a)| and |B(1+48)|, respectively,
and ¢ is changed to (@+A4¢@). Then, Pi(t) is changed

as follows:

Ala.(+ra )
P’i(t): 1(2 l)
2

WZAﬁ)(Ij ()+0? (t))+ w,(t)

24,1+ A, )XB, L+ AB,))
+ .(Im(r)cos(céo ~4,—A¢) ]
+0,(t)sin(g, - 4, - A4,)

+

(14)

and the regenerated I- and Q-channel signals are

changed as follows:
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r, (t): a, P, (t)+a12P'2 (t)+a13P'3 (t)
o, (t)zaQIPVI (l‘)+aQ2P'2 (t)+aQ3P'3 (t)

(15)

where (10) and (13) are used for ali, aQi (i=1,2,3). By inserting (14) in (15), I'r(t) and Q'r(t) are written as

0, (t)=
(1+Act, N1+ AB,) COS(¢1(+ Ag, )) (1+Aa, N1+AB, ) sin?osiﬁ )cos(¢2 +Ag,)
24,3 |ag| - |1+ Aa, N1+ 4B, ) =0 S =0) cos(g, + g, ) |1 (0)+ e 1 ()
sin(d, ~¢,) 1+ A, )i+ Am%m(@ +A4,)
(8 Xi+48,) 52 =8) o4 1 ag,) sinl¢, — 4
sin(¢, — ¢, )
‘(1+Aa1 X1+Aﬂ1 )‘ Sin(¢1 +A¢1) COS¢3 .
s1n(¢ ) ‘(I+Aa2 X1+Aﬂ217sin(¢3 _¢2)sm(¢2 +A¢2)
—24la, B |ag,| ~[(1+Acz, )(1+AﬂzX ing, - : )Sln(% +Ad,) |0, (t)- cos 0,(t)
( ) —‘(1+A(Z3 )(1+Aﬂ3 )‘ sin(¢ _2¢ )sin(¢3 +A¢3)
1+ Aa, Yi1+AB,) Sm( )51n(¢3 +Ad,) s
sm

If it is assumed that |44|<<1 and |4¢1<<|@l, then I'{¢) and @’(¢) can be approximated as

(0)

[1 +
+[
0, ()
{2Aal B, |ag

2‘4‘“1:31 ‘an _:I?EZS :
Sin(¢3 _¢2) ’
ZA‘[Z Bila ‘ n

Sm(¢3 -4, )((Aal +AB, )Sin @ + A cosd, )
sin(g, — ¢,)

Sin(¢3 - )
+ [1

Equation (17) has the following characteristics.
First, from (9) and (12), AlaBlan and AlaBlacr are

not much different from 1. Second, ¢¢ and ¢ must

[sin(¢3 -9, )((Aal +Ap, )cos &, —Ag, sing, )

24\, |ag,
sin(¢, —¢,)

not be the same due to removing one output port in

a multi-port junction. This means that sin(¢s—¢») is

+ Sin(¢2 - )((Aas +Ap, )COS ¢, —Ad; sing, )

- Sm(¢3 A X(Aaz +Ap, )Sin #, +Ap, cos g, ) -
+sin(g, — ¢, N(A, +AB, )sing, +Ag, cos g, )

—sin(g, — ¢, (A, + AB, )cos g, —Ag, sin g, )J (¢1 y

}

+sin(g, — ¢ N(Acs + A, )cos gy — Agy sing, )

sin(g, — ¢, (A, +AB,)sin g, +Agy cos ¢y )
—sin(g, — ¢, N(Aa, + AB, )sing, + Ag, cos¢,)

+sin(g, — ¢ N(Ac; + AB, )sing, + Ag, cos g )

¢, X(Aa1 +AB, )COS ¢ —Agysing, )
& )((Aaz +Ap, )COS #, —Ag, sing, ) +

(149)

Sin(¢3 -9, )

Sin(¢3 -4, )

- (Aa3 +Ap, )sin @, cos g,

(A, + AB, )cos g, sin g,
+(Ag; — Ag, )sin g, sin g,

.

1 A@, cos @, sing, — Ag, sin g, cos ¢,
+ ((Aaz +AB, )_ (Aas +Ap, )) sin ¢, sin ¢,

]ng 0
j}zm 0

(17)

((Aaz +ApB, )_ (Aa3 +AB, ))COS $, cos ¢,

Hgm ()

not equal to 0. Third, all coefficients have Adai, AG,
A (=1,23). three

characteristics, we find that all coefficients, except

[A@ cos @, sin g, — Ag, sin g, cos ¢,

m —(Aoz2 +Ap, )sin @, cos g,

. (Aa3 +Ap, )cos @, sing,
+(Ag, — A4, )cos g, cos g,

or By analyzing these
the constant 1 in (17), are much less than 1. Hence,

(17) is represented as
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1) =Q0+05,)1,()+05,0,()

=4, -(Im (t)cos¢1 +0, (t)sin¢1)
0/(c) =06,1,(t)+ (1 + 5Qq)Qm (t)

=4, -(— I, (t)sinqéQ +0, (t)cos¢Q)

where
2A‘a B ‘a sin(qﬁ3 -9, )((Aal + A,Bl)cos @, —Ag, sin ¢1)
5y = ﬁ —sin(g, - ¢, (A, + AB, )cos g, — Ag, sing,)
sinlg, —¢, + sin(¢2 -, )((Aa3 +Ap, )cos @, — A, sin ¢3)

b (A, + AB,)sing, cos g,
sm(¢3 - ¢2) n (A¢3 —Ag, )sin ¢, sin g,

2 A‘ ap ‘an rin(¢3 — ¢, \(Aa, + AB,)sing, + Ag, cos @) J

| {(Aoz2 +Ap, )cos ¢, sin @, ]

51q = _ﬁ - Sin( ;= @, )((Aaz +ApB, )Sin ¢, + Ag, cos ¢2)
0| 4 sin(g, - N(Ats + AB.)sin, + Ad, cos,)
1 A@, cos @, sing, — Ag, sin @, cos @,
B sin(¢3 - ¢2) + ((Aaz +ApB, )_ (Aa3 +AB, ))Sin $, sin g,
sin(g, — ¢, (A, +AB,)cos gy — Ag sing, )
§Qi = M - Sin(¢3 - )((Aaz +ApB, )COS ¢, —Ap, sing, )
U0 s sin(g, - g N(acs + A8 Jcos g, — Adysing,)
1 Ag, cos @, sin g, —Ag, sin g, cos ¢,
Sin(¢3 -, ) + ((AO(2 +ApB, ) - (Aa3 +AB, ))COS P, cos @,
24 i [sin(@ 8, M(Ae, +AB)sing, + Ad, cosg) J

+

oy = WG a) | sin(g, — @, N(Aa, +AB, )sing, +Ag, cos )
ORI sin(g, - W + A8, )sin + A coss)

| [(Aa3 + A, )cos @, sin @, ]

sin(g; - ¢,)

+ - (Aa2 +Ap, )sin @, cos ¢,

+ (A¢3 - Ag, )COS @, cos ¢,

4, =,1+6,) +0;

o
=tan ' —2—
¢ 1465,
2
Ay =52 +(1+5,,)
1+06
4, :—%+tan_1 =

0i

(150)

1z
ogt
[l

(18)

(19)
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n (19), & and &, denote the erroneous weights
for the I- and Q-channel information signals due to
the imperfect I-channel regeneration parameters,
respectively. &g and &g, represent the erroneous
weights for the I- and Q-channel information signals
due to the imperfect Q-channel regeneration
parameters, respectively. Using A; and Ao of (19), we
define the common gain and gain mismatch between

A; and Ag. These are written as

P \/(l+5,l.)2+52 +\/52, 1+5,,

common

4 \/(1+51,)2+52 V35 + 1+ 8y,
mismatch — \/(14_511)2 +52 \/521 1+ 5 )2

(20)

Also, using @& and ¢o of (19), we are able to
define the phase offset and phase mismatch between

¢r and @. These are written as

o Via 1+,
tan” — 4+ [— Z 4tan™! QqJ

1+0, 2 Oy
¢0ffset = : s
2
1) 1+0
¢mismalch = tan_l |- z + tan_l - %
1+0, 2 Opi
(21)
Equations (17)-(21) show that when the

attenuation and phase-shift values for a multi-port
junction deviate from the designed values due to
fabrication errors, the regenerated I- and Q-channel
signals have an I/Q mismatch compared with the
transmitted signals. Hence, an MPDR with imperfect
I/Q regeneration parameters can be modeled as a
non-ideal direct conversion quadrature demodulator in
which there are gain and phase mismatches between
the I and Q channels. This means that 1/Q
regeneration in an MPDR performs two functions
simultaneously. First, it generates the transmitted I-
and Q-channel information signals from the power
signals of a multi-port junction. Second, it

compensates the I/Q mismatch due to the non-ideal

attenuation and phase-shift values.

Based on the analysis provided in this paper, these
two functions can be separated. Furthermore,
remarkably, MPDRs can be integrated into existing
RFIC based systems without additional digital signal
processing because the I/Q mismatch compensation
function in I/Q regeneration is identical to that in
existing RFIC based systems. This enables the
development of a multiple-standard radio transceiver
with a wide frequency operating range from hundreds
MHz to tens of GHz.

II. Relationship between Imperfect 1/Q
Regeneration and 1/Q Mismatch

In this section, we examine the relationship
between imperfect I/Q regeneration and I/Q mismatch
in an MPDR using (19)-(21).* In (19)-(21), we find
that the gain and phase mismatches are related to
the sum of A4 and AG (i=1,2,3) and not to the
individual values of Aag; and AG. Hence, when the
sum of dag; and 45 (i=1,2,3) remains constant, i.e., 4da
+A46=C (constant), the gain and phase mismatches
do not change regardless of Aa.

An MPDR has no gain or phase mismatches when
the sum of da; and 45 (i=1,2,3) for each output port
is the same, ie., (Ada+A8)=(Aa+AB)=(Aas+ AB)=(Aa+
APB), and when 4¢ (i=123) is equal to 0. In this

case, (19) is represented as

Oy = (Aa + Aﬁ)
6,,=0 o9
60 =0

Sy, =(Aa+AB)

By inserting (22) in (20) and (21), we find that
there are no gain or phase mismatches. Also, an

MPDR has no gain or phase mismatches when Adi

* For analysis, the following junction parameters are
used © a=1, a=l, a5=1, G=1, B=1, G=1, ¢=7/6, ¢
2=2m/3, and ¢3=41/3.
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Fig. 2. The relationship between Aq (=1,23) and gain Fig. 3. The relationship between 4q (i=12,3) and phase

mismatch (@) das =0 and (b) Aas =0.1.

(i=1,2,3) of each output port is the same, i.e., A@=A4¢
=A@=A@, and when the sum of Ag; and A5 (i=1,2,3)
is equal to 0. In this case, (19) is represented as

5,=0
O =09 (23)
5@' = A¢

5Qq =0

By inserting (23) in (20) and (21), we find that
there are no gain or phase mismatches.

Fig. 2 and Fig. 3 show the relationships between 4
@ (i=123) and the gain and phase mismatch,

respectively.* Fig. 2 shows that, to decrease the gain

mismatch (a) Adas =0 and (b) das =0.1.

mismatch, there must be a proportional relationship
among the values of da; (i=1,2,3). Fig. 3 shows that,
to decrease the phase mismatch, there must be a
proportional relationship between da; and Aa, as well
as an inversely proportional relationship between Aaj
and Aas. Fig. 4 and Fig. 5 show the relationships
between A¢ (i=1,2,3)

mismatch, respectively. Fig. 4 shows that, to decrease

and the gain and phase
the gain mismatch, there must be a proportional
relationship between A¢; and A@, as well as an

inversely proportional relationship between 4¢; and 4

* Since both the gain and phase mismatches are
related to the sum of 4da; and 405, we change Ada
while 45 remains zero.
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Amf:mzxmh
Op s o """""""" zé.a;;;'s';ﬁrfstr
Amr:mmk E
015 0.05 01 015 0.2
Aey
(b)
a2 4. Ag (=123t 0|5 FHEe| A
Fig. 4. The relationship between 4@ (i=1,2,3) and gain
mismatch (a) A¢s =0 and (b) Ags =5/180.
¢. Fig. 5 shows that, to decrease the phase

mismatch, there must be a proportional relationship
among the values of A¢ (=1,23). In addition, the
simulation results for gain and phase mismatch are
shown in Fig. 2-Fig. 5. It is worth noting that the
estimation results using (19)-(21) and the simulation

results are almost the same.

IV. Conclusions

This presented that MPDRs

regenerate I- and Q-channel signals accurately by

paper has can

using the conventional I/Q mismatch compensator.

We have proved that imperfect I/Q regeneration in

153
0.05 . ‘ ——
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| | |
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EEStlmatIOH
X isimulation
0.05 m-"- W Fmeemrsnnennnan broeemeenneanean .
A =107/180
ML = 57/180
PRI S e N 1) D Ag 0]
0 ) R R S .......... -
] i ; |
0'4'0 0.05 0.1 0.15 0.2
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(b)
J8 5 Ag (F1232 24 E™etel 2t
Fig. 5. The relationship between A4¢ (=123) and
phase mismatch (@) 4¢s =0 and (b) A¢s =5z

/180.

MPDRs causes an I/Q mismatch. The relationship
between the accuracy of I/Q regeneration parameters
and the degree of I/Q mismatch has been analyzed.
Based on the analysis and simulation, it has been
shown that gain and phase mismatches are related to

a multi-port junction structure.
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