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Effective IM2 estimation for two-tone and
WCDMA modulated blockers in zero-IF

Direct-conversion receiver architecture is currently the choice for the radio
receiver section in 3G WCDMA handsets. It facilitates the complete integration
of the radio section on chip, resulting in a lower cost and smaller radio. The IIP
requirements of a direct-conversion or zero-IF receiver, in the presence of uplin
and downlink WCDMA modulated blockers, are presented.

By Walid Y. Ali-Ahmad

s third-generation (3G) wireless neti
works are currently expanding in Japal |
(IMT-2000), in Europe (UMTS) and in the |
United States (CDMA 2000), the need fo i Interiarar Leakage |
low-cost, low power consumption, and low =i I
form factor user equipment (UE) is becom S I
ing important for the commercial develop- I
ment of 3G mobile handsets. The direct-cor ]
version receiver architecture with the prope !
use of silicon process, circuit design tech- A
nigues and architecture implementation rep
resents a promising system solution for hig
integration platforms for 3G handsets. A fully
integrated zero-IF receiver solution for 3G
radios (Figure 1) is commercially available
and the receiver second-order input intercep
point (IIP,) requirement is a key specification
for the direct-conversion receiver soluton. | | ~ Sassssssssssssssssssss=
As seen in Figure 1, direct-conversion of [ —
zero-IF receiver architecture enables the path-
way for a full on-chip integration of the
receiver as the signal is directly demodulate
to baseband | and Q signals. Ina 3G WCDM
full-duplex (FDD) operation mode, only aninterference [1], and care must be takemixer blocks. Many mechanisms are respon-
external duplexer is needed for separatioto minimize the level of these products irsible for the generation of IM2 products in a
between RX and TX sections. Furthermorethe receiver’s baseband channel. In a zero-lero-IF receiver [3]. However, two main IM2
the post low-noise amplifier (LNA) RF filter receiver, the front-end second-order nongeneration mechanisms are important:
is needed in a FDD radio to reject out-oflinearity demodulates the AM components of m RF self-mixing:It is due to the non-
band blockers and transmitter leakagan amplitude-modulated blocker down tgerfect hard-switching I-V characteristic of
at demodulator input due to limited finitebaseband. Because these second-order INt2e commutating stage in a zero-IF receiver
duplexer TX-RX isolation. In a zero-IF re- products consist of the squared version ahixer and due to the RF signal leaking into
ceiver IC, channel selectivity is achieved athe blocker envelope, the bandwidth of thesthe LO port because of parasitic coupling.
baseband by on-chip low-pass filters. Folundesirable spectral components at basebandThe non-perfect hard-switching happens
lowing the channel filtering, 1/Q signals atcan be up to twice the bandwidth of thén a mixer when it is driven with low LO
baseband are amplified by variable gaimlocker’'s amplitude envelope. Depending opowers, and hence, it behaves more like a
amplifiers (VGASs) before they get digitized the desired signal modulation bandwidth afinear multiplier. As a result, in the presence
in the analog baseband section of the radimaseband, the IM2 products will contributeof an RF to LO leakage component at the LO
modem IC. Design considerations for directpartially or fully to the degradation of theport (Figure.l), the zero-IF mixer’s output
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igure 1. Direct-conversion receiver IC for 3GPP FDD handset radio.

conversion receivers have been studiedverall receiver's jamming margin. contains a signal that is proportional to both

thoroughly [1, 2]. The IM2 distortion products are thosethe square of the input signal and the RF-to-
that occur in the downconverter section of£O coupling factor. So second-order IM2

Second-order distortion effects a zero-IF receiver. This is due to the fact thgtroducts are generated at baseband. This is

In a zero-IF receiver, second-ordetthe low-frequency IM2 products in the LNA detrimental to receiver performance when
intermodulation products (IM2) have beerare normally filtered out by AC coupling orthe RF signal leaking to the LO port is a
shown to present a problematic source dfandpass filtering between the LNA and thatrong blocker.
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Figure 2. Second-order intermodulation distortion due to two-tone blocker in zero-IF receiver.

m Downconverter RF stage second-ordederivation, the input signal to the receiver asicts presented in Equation 3, referred to
non-linearity and LO stage switching-pairsshown in Figure 2 is expressed asystemimpedance R, is calculated as (Eq. 4):
mismatchesOn the introduction of a strong Vi=A-cos(it)+cosat), with a total two- .
continuous wave (CW) or modulated blocketone power equal t82/R. The second-order Jaz‘z A Eﬂl +i +i) - quz‘z gﬁ
at the 1/Q mixer’s inputs in a zero-IF re-distortion products at the receiver front-en R 2R 2R R
ceiver, the second-order non-linearity in theare derived as: (Eq. 2) By definition, at the lIppower level, the total

active devices of the mixer transconductor or ; ; ;
- input signal power is equated to the total power
RF stage will generate low-frequency IM2 a, W/i(t)2 in the output IM2 products (Eq. 4) after being

products. These products along with the de- 2 ferred to the inout by dividing by th .
e RE signaland e blocker wil b part o2 X T+ 00s(u 1)) +cos( - wtyeeres o e Feik o e e o

the transconductor stage output currents. In. (cos(2w;t)/2) + (cos(2w,t) /2)]
1 2
2 4
Alpz

a perfectly balanced mixer with perfectly The resultant output IM2 products at
Z/Rzz#ai P oe

matched devices in the switching pairs or L . . X
stage and perfectly matched mi)%ee loads. th 1+f2) and (f-f»), including the resulting DC Az
' _Offset, are expressed as (Eq. 3):

equivalent differential IM2 products are trans-
lated to high frequencies and the equivaleng, [A* [+ cos((w, - w,)t) + cos((W, + w,)t)] ., aal

2

a

&

-

common-mode M2 products are canceled Thg (otal power in the output IM2 prod- 2 a,
out at the mixer differential output. How-

ever, in reality, the mismatches that exist i
the LO stage devices in addition to the devig
tion of the LO duty cycle from 50% result in
a direct low-frequency leakage gain that i
presented to the low-frequency IM2 prod 1E1 o
ucts. As a result, these products get tran
lated to 1/Q mixers baseband outputs

It is important to note that in the points| _ i
discussed above, we assume that th #
downconverter section in a zero-IF receive &
is the main limiting block in IM2 products § 1E-1 4
suppression. This is true if the baseband stag
following the 1/Q mixers have high common
mode suppression (> 60dB).
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[IP, Derivation

The weakly non-linear characteristics of &
receiver front-end can be presented as (E 1E=3 1 T t f 1 1 T 1 T
1): 1 2 4 i 8 1 12 14

V.(t)=a,-V(t)+a, V(1)*+a,- V() +-- SignalPower-iMeanPower (dE)

To express the IlPbased on two-tone Figure 3. CCDFs of UL reference channel and DL 16-channel blocker.

34 www.rfdesign.com April 2004



- | o e = m *_

B TW sl e Tl WOCEASS A 5.
d LA DT D

S WerRinoerisn 10K L F
3 e

DRCCH SaFavi=0 7IF AX

e
RFlag=RF_Frag
P2=+30 8
Efauth e nctiar={

TREnG o100
mesafs [ me&iart o

meShopie= T meSang e

o TR
Jelauk

L= [Tk

Recatenr baseband out

Bpoo_Out
Piot=Fao ienguln
Ll s e

HPonts=Hpts

Figure 4. ADS template for IM2 products estimation.
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Figure 5. Simulated RRC-filtered IM2 products at zero-IF receiver output due to UL TX blocker.

The total power level of the IMproducts where power level per tonePat fi or

test case, 7.3.1, specifies the minimum re-
quired sensitivity for BER<1® while the
transmitted uplink signal (UL) is at maximum
power level (+24dBm) at antenna. The sec-
ond test case, 7.6.1, specifies the minimum
required receiver signal level at antenna con-
nector for BER<18 in the presence of a
modulated downlink (DL) -44dBm blocker
at 15 MHz offset from the desired signal,
while the transmitted UL power at antenna is
+20 dBm.

The UL reference measurement channel
(12.2 kbps) structure, which represents the
transmitted UL signal at the antenna of a
3G WCDMA handset, is described in table
A.1 of the 3GPP standard document [4].
It consists of a dedicated physical data chan-
nel (DPDCH) and of a dedicated physical
control channel (DPCCH). In the radio mo-
dem section, both DPDCH and DPCCH chan-
nels are spread to 3.84 Mcps, scaled to ap-
propriate power ratio (DPCCH/DPDCH =
-5.46 dB), HPSK scrambled, and filtered by a
1.92 MHz root-raised-cosine (RRC) filter
with roll-off factor a = 0.22 [5]. On the other
hand, the forward-channel modulated blocker
at 15 MHz offset from the desired channel

(Equation 4) referred to the receiver inputf2) is 50% of the total two-tone power,consists of the common channels needed for

based on a total two-tone input power equa?i(dBm)=P2r(dBm)—3dB.
to Pr=A?R, can be expressed as (EqQ. 6):

2 a4 2
F)HMZ:2 az i: F)ZT
a] R IR

= 2[P, (dBm) - 11P,(dBm)

Effective low-frequency IM2
products

0 R (dBm)

tests as specified in Table C.7 and 16 dedi-
cated data channels as specified in Table C.6
in [4]. The signal is QPSK encoded, spread
to 3.84 Mcps, complex scrambled, and fil-

In a 3GPP WCDMA radio, the worst-casetered by a RRC filter similar to that used for
interferers at receiver input are not two-ton&JL signal [5]. Both signals have a -3 dB
type but wideband, digitally modulated typebandwidth equal to 3.84 MHz at RF, and

blockers. Hence, it is important to estimat®9 percent of the total signal power is within
It is important to note that in Equation 4,the effective low-frequency IM2 productsa bandwidth of 4.12 MHz (-6 dB BW). To
the resulting IM2 products total power levelbased on a modulated blocker to derive thenderstand the nature of the envelope of
is composed of 50% (-3dB) IM2 product atrequired receiver Ilffor a certain desired bit either the modulated UL TX signal or the
DC, 25% (-6dB) IM2 product atff,, and error rate (BER) performance. Therefore, imodulated DL 16-channel signal—and to

25% (-6dB) IM2 product at#f2. Therefore,

is necessary to understand the nature of tlestimate the effective IM2 products due to

the power level of the IM2 product atfe  modulated blocker, specifically its non-con-each one of them in a WCDMA Zero-IF
can be derived from equations (4) and (6) a8fant envelope since it gets stripped off theeceiver—it is important to study first the

(Eq. 7):

RF blocker in the front-end second-ordepower statistics of each signal, which is rep-

non-linearity and gets translated to basebantgsented by the complementary cumulative

Pim 2, (f1-12) (dBm)
= 2|:P2T - ”P2 —-6dB [ PIIMZ, (fl—fz)(dBm)
= 2[R, (dBm) - 11P,(dBm)

including a squared version of the envelopdistribution function (CCDF). The CCDF pro-
The two major modulated blockers in a 3GPRides the peak-average power ratio (PAR) of
WCDMA receiver are presented in 3G stanthe signal vs. probability. Figure 3 shows
dard test cases 7.3.1 and 7.6.1 [4]. The fir&DS [6] simulated CCDFs of the UL trans-
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Figure 6. Simulated RRC-filtered IM2 products at zero-IF receiver output due to DL 16-channel
blocker.

mitted signal and the DL 16-channel signabffset due to second-order non-linearit

signal.

probability of the UL reference channel, basetevel for a 0 dBm WCDMA DL 16-channel
on one transmitted DPDCH, is equal tdlocker, integrated over the desired sign
3.1 dB. On the other hand, the DL blocker apassband of 1 kHz ... 2.06 MHz, is equal t
the 15 MHz offset, which contains 16 dedi-33.1 dBm. The resulting DC offset due t
cated traffic channels, has an 8.4 dB PARecond-order non-linearity is also equal t

Gaussian noise signal. It will be shown lateand assuming a two-tone blocker total pow
that the effective low-frequency IM2 prod-level of 0 dBm at the zero-IF downconverte
ucts estimation will differ between the twoinput, the total IM2 products’ power level,

crepancy between the two different blockersPimz(dBm)=2-Pz(dBm)-1IP2(dBm)= —30dBm,

created to investigate the IM2 products dukevel and -36 dBm is the power level of th
to a modulated blocker at the input of dM2 product at {-f>, based on Equations 4

IM2 products were filtered by an RRC filter,integrated low-frequency IM2 products’
which is matched to the base station trangower level over the 1 kHz to 2.06 MHz
mitter RRC filter. The resulting low-frequencyband due to a 0 dBm UL TX blocker is 7.
IM2 products were measured in simulation irdB lower than the low-frequency;-fz, IM2

width at baseband, which is half the signal’svith 0 dBm equivalent power level. Simi-
99%power BW at RF. larly, the equivalent total low frequency IM2

ucts’ magnitude spectrums at the basebarwhannel blocker is 2.9 dB higher than th
output of a zero-IF downconverter aftedow-frequency,i-f2, IM2 product power level

WCDMA UL reference measurement chaneffective IM2 product power levels based o

16-channels blocker, respectively. In thdollowing equations:

ADS template and for simulation purposes For the UL reference channel or TX
only, we used a modulated blocker poweblocker case (Eq. 8),

equal to 0 dBm and a zero-IF downconverte&

1IP2 equal to +30 dBm. The resulting low- "imzuL_1x (dBm)

frequency IM2 products’ power level for a = 2[P (dBm) - 11P,(dBm) —13.7dB

= 2[R, (dBm) - I1P,(dBm) — 7.7dB

0 dBm WCDMA UL TX signal, integrated -
over the desired signal passband of 1 kHz ..
2.06 MHz, is equal to -43.7 dBm. The DC  For the DL 16-channel blocker cas

compared to the CCDF of a Gaussian noiss equal to 5 mV, which is equivalent to
-33 dBm into 50 W (Figure 5). On the
Figure 3 shows the PAR at 0.1 percentther hand, the resulting IM2 products’ powe

at 0.1%, which is almost equal to that of & mV (Figure 6). Going back to Equation 6

An ADS IM2 simulation template was of which -33 dBm is the resulting DC offset

WCDMA zero-IF receiver (Figure 4); the and 7, respectively. We can conclude that th

the 0 Hz to 2.06 MHz desired signal bandproduct power level due to a two-tone blocke

In Figures 5 and 6, simulated IM2 prod-product power level due to a 0 dBm DL 16-

nel (12.2kbps) and for the WCDMA DL the previous results are summarized in tha?

(Eqg. 9),

1)11M2.DL716C}1 (dBm)

=2-P,, ,.,(dBm)—IIP,(dBB)— .1dB
=2-P,(dBm)— IIP,(dBm)+2.9dB

DL 16

In Equations 8 and 9, the power level per
tone Pirat fi or f2) is 50% of the total power
level (P21) of a two-tone blocker having the
same power level as that of the modulated
blocker,

Br (dBm) = B (dBm) - 3dB = RJL_TX/DL_IECh(dBm) -3dB

It is important to note that the -13.7 dB
reduction factor relative to the total IM2
products’ level estimate in Equation 8 is
similar to the factor obtained in the results
presented in [7]. Furthermore, the results
presented by Equations 8 have been verified
through lab measurements done on a zero-IF
receiver device with the part number shown
in Figure. 1. The measured IM2 products at
baseband due to UL TX blocker (Figure 7)
show similar spectrum characteristics to
the simulated IM2 products shown in Figure

. The measured spectrum components close
to DC in Figure 7 are larger than the corre-
sponding simulated components in Figure 5
pecause of the additional downconverted
phase noise close to DC in the actual mea-

a'i,ured zero-IF receiver.

inimum IIP , requirements for
WCDMA receiver

In the following section, the required mini-
um lIRfor a WCDMA zero-IF receiver for
oth test cases 7.3.1 and 7.6.1 will be derived
based on Equations 8 and 9, respectively. All

standard test cases because of this PAR digferred to receiver input, is calculated alP2 calculations are done referred to the

receiver LNA input.
-3GPP standard test case 7.3.1:
In FDD mode, the estimated maximum
L TX signal leakage at the LNA input is -24
Bm (RiL_tx, Lna = PA power at duplexer -
uplexer_isolatiofk .rx, mn. = +26dBm —
50dB = —24 dBm). The worst-case insertion

7Ioss (IL) of the duplexer before the LNA is

assumed equal to -2 dB. In 3GPP IMT band
Fadio handsets, the TX leakage frequency
offset relative to the desired RX signal fre-
quency is 190 MHz.
m |t was shown in [8] that for a required
raffic channel sensitivity of -117 dBm/3.84
Hz, the required minimumdA\:, after de-

matched RRC filtering are presented for thelue to a 0 dBm two-tone blocker. The totaFOding an_d despreading of the desired traffic
r?hannel, is 7 dB. In test case 7.3.1, which

ecifies the minimum required traffic chan-
nel sensitivity for BER<18, N;is assumed to
be purely noise () due to receiver NF. For

a chip rate of 3.84 Mcps and a user bit rate of
12.2 kbps, the processing gain is &
10.109(3.84 Mcps/12.2 kbps) = 25 dB. We
can calculate that the maximum allowable
noise power (R) due to receiver NF isNP=
Psensitivity + Gp - Eo/Nt = =117 dBm + 25 dB —

7 dB =-99 dBm.

€ m Atminimumsensitivity level, itisrequired
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15 ;15 i ARGOOONO A BT i ot dEm: LNA filter, which provides selectivity at the
(Fw TX leakage offset frequency [9].
o Conclusions
This paper presented simulations, calcula-
= [ Y T T [ tions, and measurements, which were done
| T, i 4 Ty to estimate the required zero-IF receiveglIP
230 | iy e . ! | in the presence of a modulated WCDMA
1 RGLT blocker. Depending on the envelope nature
anl iy | of the modulated blocker, it has been shown
that the resulting low-frequency IM2 prod-
ucts’ level at baseband can be lower or higher
401 [ [ | [ than the low-frequency IM2 beat tone level
i T T ; due to an equivalent two-tone blockBED
45 1 Aak ""1
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